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Continuous Rolling Mills 4c 


... will increase the accuracy of your 
product and save on operating and 
maintenance costs. 


ORGA} 


j | MORGA N 
Py ‘Can help you produce more ore 
_ and better steel products — 


Morgan Ejectors 


+». Hiciently handle hot gases 
and fumes as high as 3000° F. 


. Morgan-Connors give high pro- 


Wire Machines duction, with low die cost, low power 


cost, low space requirement. 


“MORGAN CONSTRUCTION CO. 
Weneceven. MASSACHUSETTS 


Control System 


. Morgan-lsley increases efficiency 
of any regenerative furnace at rela- 
tively low installed cost. 
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JOURNAL OF 


Published to provide a continuing, authori 
tative, and up-to-date record of tech- 


nological, engineering, and economic VOL 3 NO 


progress in all branches of the metals 
industry by the 
Metals Branch 


American Institute of COVER 


Mining, Metallurgical, and Petroleum 

Engineers, Inc Strange shapes played a vital part in the construction of the first zirconium vessel for 
29 West 39th Street, New York 18 HRT reactor application. Forming, together with newly developed welding techniques, 
made possible this unique pressure vessel. The story of the design, methods development, 
and assembly projects is revealed in the article beginning on page 648 
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TECHNICAL FEATURES 


Production of Uranium Metal 


Properties of Zircaloy-2 


Inert Atmosphere Welding of Zirconium and Hafnium 


First Zirconium Vessel for HRT Reactor 


Fuel Element Design 
Ceramic Fuel Materials for Nuclear Reactors 
Effect of Nuclear Radiation 


TRANSACTIONS 


1956 Institute of Metals Lecture 
Precipitation Phenomena in Supersaturated Solid Solutions 


Separation of Germanium and Cadmium from Zinc 
Concentrates by Fuming 

Diffusion of Nitrogen in Iron 

Purification of GeCl, by Extraction with HCI! and Chlorine 


Direct Measurement of Ferrous lon Mobility in Liquid tron 
Silicate by a Radioactive Tracer Technique 


Sulfur Pressure Measurements Above FeS in Equilibrium with Iron 


Precipitation of Metal from Salt Solution by Reduction 
with Hydrogen 


The AIME Publishes 


This issue of JOURNAL OF METALS is in two Sections 
Section 1—Magazine Section 2—Transactions Section 
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Some traveling. Employer will pay petrographic microscope. Salaries 
PERSONNEL SERVICE ati rh western New York 


ME ¢ placement fee Location, New York open 
Foundry Superintendent, graduate 


available to AIME members on a non 


Chief Assayer, under 45, with 


profit boss the Per 
vrnel Service in perating in cooperatior upervisory assaying and refining 
with the Four Founder Societies. Lacal office: experience in platinum and precious foundry, ferrous and nonferrous 
Salary around $7000 a metals. Will be in complete charge 


metals field 
year. Location. New Jersey. W3146 under general manager. Company 
will pay moving expenses and nego 


if the Personnel Service are at 8 W. 40th St, 


New York 18; |) Farnsworth Ave, Detroit; 


} Post St n Fran 24 E Randolph Engineers. (a) Metallurgist, with “y’ 
, Sen Fronciaco; tiate placement fee. W-3122(a) 
Chicago 1. Avy ts should address all mo advanced degree and knowledge of : “er 
, é Sales Engineer, metallurgical or 
) the proper key nurmbe n care of the New high temperature reactions and slag 
, chemical graduate, with knowledge 
wk office and include 6 in stomps for for metal ysten in electric furnaces, 
of welding procedures, to sell weld 
warding and returning application The ap foundry experience grey iron or : 
: ing alloys and accessories. Limited 
f mt agree f placed in a position by teel, to carry out metallographic ex 
F prey Salary, $5400 to $6000 a year. W3108 
ee listed by the Service AIME members may reports and sales literature, and ‘ : 
(Continued on page 624) 
ecute weekly bulletin of positions available Visit customer for plant test (c) . 
Da quorter, $12 year Research Chemist or Metallurgist, | 
B.S. or MS. for research on gas | 
f POSITIONS OPEN olid reaction uch as nitriding and | METALLURGISTS 
Physical Metallurgist, 1S, « xperi bench-type research rather than | 
enced in welding, high temperature proce development, and an interest | 
alloy and service analysis work i in kineti and rate of reaction | METALLURGICAL | 
preferred but not essential, Com helpful. (d) Petrographer, prefer | 
pany manufacture wae valve ably with M.S and several year ex | ENGINEER 
industrial and electronic instrument perience in petrographic and min | 
Salary to start, $6000 to $7000 a year eralogical analysi for examination, 
Location, Connecticut. W3179 identification, and anlysis of ceramu SOLID STATE | 
% Sales Engineer, 25 to 30, metallu products by physical methods, in- | CHEMIST 
gical or chemical graduate with eluding X-ray petrography, and | | 
ule warehouse or plant experi | 
ence. Company deals in highly spe | 
cialized field of metals for high ten METALLURGIST | 
perature application and severe cor 
fe« ‘ jJilur . 
rosion ippli ition. Trave ling in New — 1/ | 
wid quality contr im bra mill | OMIC 
England area; must have car. Salary c 
moanuft ) ze 
plus commission and all traveling t phosphor bronz | 
expenses. W3172 GRE Frontiers | 
forry tr wire nd rod 
Engineer, wraduate metallurgical Re ‘ | 
engineer, M.S. or Ph. D., to 35. Will : solar 4 | Tod ‘ t sgina | 
assist metallurgical organization in Personnel Department, The River ed pr gh t ' gz? rf. | 
ha on with educational institution ihe Divicien | he fleld 
Feaching experience ‘ ential re OK Porter ( mpany, Ine River { | 
earch or related industrial experi ide, New Jersey nt t is that kind of « 
ence in metallurgical or chemical in | = | 
ft e 
dustry at a responsible level desired the ma fot 
| Gem Fle ‘ Nu 
opening exiete fer elect SALES MANAGER 
OF Michigor | Senior Metallurgist with major ex | 
Hege tuit ret “gy GEORGE & DIX | perience in physical metallurgy or | 
hf Mar i ent tant 
we ' Federal Square Building metal fabrication and assembly 
Grand Rapids, Michigan | Metallurgist with 2-5 years in metal | 
fabrication 
RESEARCH SCIE | Metallurgical Engineer with 2-5 | 
NTISTS AND ENGINEERS | years in welding | 
Crucible Steel Company of America offers outstanding opportunities for creative Corrosion or Materials Engineer 
development and advancement in it expanding Research and [ evelopment | with 2.5 yeors experience | 
Laboratory in Pittsburgh | Metallurgist with 2-5 years experi | 
Openings providing attractive income and benefits for qualified engineers and ence in x-ray diffraction 
} crentists holding B.S. de pres t higher Research is conducted in the fields of | Write in confidence to General Elec | 
P tric the organizat wil 
PHYSICAL METALLURGY PROCESS METALLURGY | concept of 
j HIGH TEMPERATURE MATERIALS PHYSICS AND CERAMICS 
CHEMICAL ENGINEERING AND indidates. In writing, please ir 
ANI | ace in experience ame ca 
. TECH YOLOGY demic background and professiona 
INORGANIC TECHNOLOGY | references | 
MAGNETIC MATERIALS 
| Mr. BE. P. Galbraith | 
Send contidential resume. irx luding education, experience and salary desired t Technical Personnel Placement 
Mr. A. A. Marquer Jr | | 
EMPLOYMENT OFFICE GENERAL ELECTRIC | 
CRUCIBLE STEEL COMPANY OF AMERICA l Richland, Washington | 
Henry W. Oliver Building Pittsburgh 22, Pa | 
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CHROMIUM NICKEL MANGANESE 
STAINLESS STEELS 


ELECTROMET offers a variety of alloys designed to suit your specific needs 


Simptex low-carbon ferrochrome—chromium 63 to 66°,, carbon max. 
0.0106, or 0.0255 


Low-carbon ferrochrome —chromium 67 to 71°,, ten carbon grades 
from 0.02 to 2°, max 


Medium-carbon ferrochrome—chromium 66 to 70°,, carbon 2.25 to3”, 
for CHROMIUM 


High-carbon ferrochrome — chromium 65 to 70°,, five carbon grades 
from 4.5 to 7°, 


Low-chromium, high-carbon ferrochrome—chromium 57 to 64°,, car- 


bon 3.5 to 5‘). 


“EM” ferrochrome-silicon—chromium 39 to 41°,, silicon 42 to 45° 
carbon max. 0.05°,. 


SimpLex nitrogen-bearing, low-carbon ferrochrome—in 2°, and 5‘, nitro- 
gen grades, containing 62 to 65°; chromium and 60 to 63°; 
chromium respectively. 


NITROGEN Nitrogen-bearing, low-carbon ferrochrome—chromium 65 to 70%,, in 


ADDITIONS 0.75°;, 1.25°;, and nitrogen grades. 


4 Nitrogen-bearing, electrolytic manganese metal — containing approxi- 
mately 93°; manganese (metallic basis) and 6°; nitrogen, 


Electrolytic manganese metal—with minimum manganese content, on 
a metallic basis, of 99.96, 


for MANGANESE 


Low-carbon ferromanganese — manganese 55°, to YO°,, six carbon 
yrades from 0.07 to 0.505, max. 


Mansioy alloy—miunganese 60 to 63°,, silicon 28 to 31°, max. 
0.076, carbon. 


Please contact the nearest Evecrromer office. Ask for ELectromer’s 


new 4-page brochure on electrolytic manganese and the booklets on melting 


“Electromet,” “EM,” “Mansiloy low-carbon stainless steel 
and “Simplex” ore registered 
trade-marks of Union Carbide 


and Carbon Corporatior 


ELECTRO METALLURGICAL COMPANY 
__A Division of Union Carbide and Carbon Corporation _ ~ 
30 East 42nd Street New York 17, N.Y. 
OFFICES: Birmingham Chicago Cleveland Detroit 
Houston Los Angeles New York Pittsburgh San Francisco 
Electromet In Canada: Electro Metallurgical Company, 
"Division of Union Carbide Conodo Limited, Welland, Ontario 


MAY 1956, JOURNAL OF METALS 


we 
= 
for 
‘ 
| 
623 
apa 


ATOMIC 
POWER 


Atomic power, we feel, offers 
outstanding opportunity for an 
engineer or soentiat to grow 
professionally. It's new enough 
ao that the work i challenging 
atill it's well enough established 
so that a capable man can make 
real progress 

If you are interested in a 
non-routine position that will 
use all of your education and 
expenence, we suggest you in 
vestigate the future with the 
leader in Atomic Power. At 
Hettia Plant, there are select 
positions open for specially 
qualified 


PHYSICISTS 

MATHEMATICIANS 
e METALLURGISTS 
ENGINEERS 


Write for the booklet ‘“Tomor 
row's Opportunity TODAY" 
that describes opportunities in 
your field. He sure to indicate 


your specific interests 


Write: Mr. A. M. Johnston 
Dept. A-41 
Westinghouse Bettis Plant 
P.O. Box 1468 

| Pittsburgh 30, Penna. 


BETTIS PLANT 
Westinghouse 


FIRST IN ATOMIC POWER 
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PERSONNEL SERVICE— 
(Continued from page 622) 


Assistant Mill Metallurgists and 
Junior Mill Metallurgists for mill 
metallurgical dept. Salary open. Lo 
cation, Chile. F3083(g) 


Metallurgist, 35 to 50, with at least 
two years supervisory experience in 
foundry work. Will be in charge of 
foundry operations on aluminum, 
nickel, cobalt, and other nonferrous 
metals and alloys making castings 
Salary, to $12,000. Employer will 
negotiate placement fee. Location, 
Chicago. C4745 


Director of Research and Develop- 
ment, 34 to 50, Ph.D. in chemistry 
or chemical engineering, with at 
least 15 years experience on applied 
industrial research administration 
Will administer research projects in 
the field of chemical, metallurgical 
and mineral 
Location, 


engineering, ceramik 
Salary, $25,000 a year 
eastern Pennsylvania. W2962 


Production Engineer, young, with 
mechanical or metallurgical engi 
neering training for methods and 
proce improvement with perma- 
nent mold bronze bearing manufac 
turer. Salary, $5000 to $6000 a year 
Location, New Jersey. W2899 


METALLURGISTS: Company engaged in 


basic process and pyro-metoaliurgy re 
quires several men for Productior Ye 
velopment mad Quality Contr who 
hove some experience re r more 

of the following elting and Refining 
teeimak ing Electr Furr er 


per n plor pr y npany 
Plant cate Midwest Nortr and 

jth. All replies held strictly nfider 
t detailed re ne? 


Box E4-M AIME 


29 West 39th Street, New York 18 


FOUNDRY METALLURGIST 


To take charge of all foundry operations 
and quality control of company producing 
investment castings. Applicant should have 
experience with ferrous and nonferrous al 
loys, vacuum techniques. Should be capa 
ble of initiating alloy development pro 
groms, and generally, be development 
minded. Salary commensurate with ability 
and experience. Midwest location. Please 
forward resume to Box E-5M AIME 
29 West 39th St New York 18 


WANTED: Assoyer for Korea for one 


year lary ifter toxwe ately 
$6,500 plus maintenance Tech ex 
perience mer } ay ing we 
tre ng and test work required. Dutic 
re ‘ sper ng, analyt | and ore 
lressing laboratory wd mstructing 
tramees 


Box £-2M AIME 
New York 18 


WANTED: Meta! Mine Foreman for Ko 


rea tor one r tw year olary after 
tome pproximately $4 plus mar 
tenance Practical experience and abil 
ty t mstruct trainee laborer -mechanics 


required 
Bow £-3M AIME 
29 West 39th St New York 18 


PLANT SUPERINTENDENT 


To coordinate 311 production in 


large Eo terr Canada <¢ pper re 


finery which 1 now engaged in 
extensive expansion program 
Degree i Meta urgical r 
Chemical Engineering preterred 
Minimum !|0 year expenence in 


copper refining essential 

salary commensurate with abil 
ity Attractive imsurance and 
tirement benefits 

All replies will be treated as 
contidential 

Submit applications and recent 


ph h 


The Manager, 

Canadian Copper Refiners Ltd. 
Montreal East, 

Quebec, Conada. 


METALLURGISTS 


Expanding programs have created 
m exceptional opr rtunity for met 


yllurgist interested im participat 
Ing nm challenging Research and 
Development Program who hove 
experience im the following fields 
for 
Non Fer 


Extractive 


These we permanent positions of 


fering excellent pportunities for 
prote ional and personal growth 
Liberal jlory and excellent bene 

fit including tuition refunds for 


jraduots tudy 
ualified personnel are requested 
t torwoard their resume te 
A Metzger 
ARMOUR RESEARCH FOUNDATION 
350 treet 


6 


METALLURGISTS 


Several openings exist in the Metallurgi 
cal Departments of our plants at Pitts 


burgh, Aliquippa, Pa., and Cleveland, for 


Metallurgical Fngineers with up to five 
ears experience in metallurgical investi 
gation work in the steel imndustr Salar 
ies will be based on applicant training 
and previous cxaperience t long 
term opportunities for progre within the 
company, either in the technical organi 
zation of operating department Liberal 
scation, retirement and imesurance pre 
grams 

If interested, please send yur resturne 
to 

Hill 


Research and Development Dept 
Jones & Laughlin Stee! Corp 

3 Gateway Center 

Pittsburgh 30, Pennsylvania 


\ 
| | | 
and 
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Nose wheel landing strut piston is inspected with a G-E OX.250. Power of 250,000 volts permits short exposure times without disassembly. 


G-E x-ray units speed aircraft inspection 


RAY inspection-without disassembly ts routine pre 
ventive maintenance at the St. Paul, Minn., overhaul 
depot of Northwest Orient Airlines. Records show ther 
two General Electric x-ray units not only save time and 
but also contribute to long r parts service life 


Aimuines 


money 
Oil cooler radiator overhaul, inspection of nose wheel 
strut piston examination of prop blades welds 
— these are typical jobs now assigned to x-ray 

And the widespread use of General Electric x-ray 
ap} aratus 1s not limited to airlines. Thanks to Spe ialized 
| cnpincering all industry is able to eed INS pce trons 
of comy lete metal structures Com ict x-ray tubeheads 
can be passed through small opening for ra hhographi 
examinations of welds and castings. Aircraft structures 
ship hulls, pressure vessels, steam pipes are just a few of onaidrte am le x-ray unit, the OX 
the products that are tested nondestructively, at low cost 

Have you considered x-ray for inspection and quality 
control? Ask your G-E x-ray representative for facts on 
this mnt ( quip! nt Choice of 
models in every practic: Ita; nge. Or write X-Ray 
Department, General Flectric ¢ ompany, Milwaukee |} Any x-ray apparatus can he yours —wuithout mitial 
Wisconsin Dept. AY-54 capital mvestment—on the Maxiservice™ rental plan. 


Progress /s Our Most Important Product 


GENERAL ELECTRIC 
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The New AUTOMET Display 
our New Show Room and Laboratory 
Visit for Demonstration 


be the new Buehler 


ctro polisher {o- 
with other 


nent 


2120 Greenwood St., Evanston, Ill., U.S. A. 
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Gee the new 
ysher Attachment in operation: 
Holds oF 5-—1% specimen 
mounts for automatic mass produc : 
tion precision polishing: 
The Automet attachment fits all 4 
present 8” Buehler Low Speed Pol- 
len OF display will | 
| Ble 
1 Buehler eq 
_ 
eh qq 
Lt. 
4 
| APPARATUS 


ZIRCONIUM -MAGNESIUM MASTER ALLOY 


INCREASED 
STRENGTH 


AT ELEVATED TEMPERATURES 


Light magnesium alloy castings will gain high 
impact strength at elevated temperatures when 
Zirconium is added. TAM’s Master Alloy provides 
a most efficient method. Notch bars are readily 
soluble in production heats. Recoveries are high, 


In addition to greater impact strength at elevated 
temperatures, a tough fine grain structure is 
produced ... relatively free of contamination, It 
is readily castable or extrudable, with minimum 
microporosity or microshrinkage. It resists 


corrosion, 


Foundrymen prefer TAM Master Alloy 
for its ease of handling and storing as well as its 
freedom from obnoxious fuming. 


TAM 
PRODUCTS 


TITANIUM ALLOY MFG. DIVISION 
NATIONAL LEAD COMPANY 
Executive and Sales Offices 
111 Broadway, New York City 
General Offices, Works and Research Laboratories: 
Niagara Falls, New York 


Your order or your inquiry will receive prompt attention when addressed to our New York City office. 
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Books for Engineers 


Steel Designers’ Manual, by Charles 


S. Gray and others, Frederick Ungar 


Publishing Co., $12.50, 909 pp., 1955 

This manual for use by the prac- 
ticing designer includes advanced 
methods as applied to modern steel 


and complete data 
Sections cover 
de flection of 


framed building 
table and diagram 
theory design, and 
beam: tructural analysi bunkers 
and hopper foundation plate 
girders, properties of sections, etc 


Elevated-Temperature Properties of 
Carbon Steels, Special Technical 
Properties No. 180, ASTM, $3.75, 63 
pp., 1955.—Presented in graphical 
form and supplemented by data 
heets are such pertinent data for 
stee] producers as tensile and yield 
strength, elongation and reduction 
of area, stresses for creep rates of 
0.0001 and 0.00001 pct. per hr. and 
rupture strengths for 100, 1,000, 10,000 
and 100,000 hr. This information is 
given for killed carbon steel, ASTM 
A201 Grade B plant steel, ASTM 
A106 Grade B pipe steel, killed car- 
bon steel, aluminum killed steel, open 
steel (rimmed or capped), and other 
carbon steels 


Now even the smallest shop can afford a 
dependable and versatile Brinell Hard 
new Priced 
Model is a motorized hydraulic machine 


Tester exceptionally low, 


with which even an inexperienced opera 
for can moke tests in strict conformance 


to ASTM. Standards 


Stee! City, leader in the 


Engineered by 


field since 1914, the new tester is de 
signed for years of maintenance free 
operation The “% stroke permits succes 


sive fests without anvil readjustment load 


is applied by finger ‘ip pressure on 


operating handle 


Write for full particulars tedey and name 
of nearest soles representative — conven- 
lently leceted in your erea 


Brinell Hardness 


8825 Lynden Ave. Detroit 38, Mich. 
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MODEL 
Vert. 
Throet depth —6~ 
Bench space —9 


«25° 


Manufacturers of machines for testing physical properties of metals, including: 


* 
| 
Oucturty Tensile Compression 


Wydrostatc Prowng Instruments 
ond Special Testing Machines 


Atomic Energy Guidebook, edited by 
Walter A. Shead, Callahan and Hol- 
lowell, $7.50, July 1955 Designed as 
a comprehensive sourcebook cover- 


ing every phase for civilian use in 
the atomic energy field, the Guide- 
book is divided into three sections 
that deal with atomic energy from 
the mining of uranium through its 
end uses. The three sections treat 
these topics: entering the atomic en- 
ergy busines which includes a 
special article by E. N. Trapnell; 
basic information on the status and 


future of atomic energy, with an 


article on the future of atomic en- 
ergy by E. M. Zuckert; and a six- 
part directory, which includes state 


listing, an alphabetical index of 
companies manufacturing atomic in- 


struments, and of access permit 
holders, and guides to members and 
officials of the AEC, citizens com- 
mittees appointed by the AEC, and 


statutory 
congress. The 
articles and the 


committees appointed by 
Guidebook contains 30 
directory section 


Engineering Economics and Practice, 
by Max J. Steinberg and William 
Glendinning, W. Glendinning, $3.00, 
114 pp., 4th edition, 1955.—Designed 
for a two-fold purpose, the book is 
a summary of accepted theory and 
practice for engineers preparing for 
professional examinations and a ref- 
erence manual for those already 
practicing. Included among the sub 
jects covered are compound interest 
formulas, depreciation, comparison 
of alternate proposals, replacements, 
and costs. Questions and solutions 
from Part III, New York State ex- 
aminations, supplement test mate- 
rials given 


Technical Digests, a monthly 
publication of the Organization 
for European Economic Coop 
eration, offers the best articles 
from more than 1000 European 
technical and industrial jour 
nals, translated and digested 

It is designed primarily for 
those interested in manufactur- 
ing and production. New prod 
ucts and developed 
by European manufacturers are 

clear language 
fields of industry 
ceramics, and 


processes 


discussed in 
Almost all 

are covered 
glass; chemicals; corrosion, pro 


tective coatings, and finishing 
processes; electrical engineer- 
ing and equipment; food and 
allied products; fuel, power, 
and lubricants; leather; tex 
tiles; packaging; building, etc 

Additional information and 


subscriptions may be obtained 
by writing the O.E.E.C. Mission 
Publications Office, 2000 P 
Street, N.W., Washington 6 
Rates are $24. a year or $2.50 
per copy 


—— 
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available on the prop 
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The prob 
solved. There are Cc 
various alloys- 
n 
4 alloys 
To them 


if you're Looking 


rough Vacuum Melting: 


n offer you 
e High temperature corrosion resistance ed ductility 
cleanliness e Better fatigue resistance 
e Greater yield strength 
e Greater mpac resistance 
e Greater creep properties 


properties like these th 
e Increas 


Utica 
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uTICA pRroP FORGE 
4 
| ON VACUUM MELTING 
To the man responsible for product = 
development and improvement: 
3 
But the work 
There remain many unexplored promising 
-- and these uses must be explored by product manufact¥r™® 
we offer our ledge» our facilities and, within our means, 
Bring US your problems: your yaeas, your questions. 
to the future you need supplier @ho is 
4 
4 
yice president 
Metals pivision 
e preci 
Increased tensile strength 
by 


Dollars and Sense” 


Improved Compound 


Smaller-Quantity- Required- 
eo Lower-Unit “Cost 


Year 1951 


Lbs. /Ton 5 
$/lb 3.00 


$/Ton 15.00 


1952 
3 2 
2.25 1.50 1.00 


6.75 


1953 


3.00 


1954 


1.50 


1955 
1,00 


1.00 


So rapid has been the advance 
in technical progress and use of 
rare earths MCA 
RareMeT Compound) that in the 


(Trade Name: 
brief span of four years, about one- 
fourth as much is needed to accom- 
plish the desired results, at one- 
third the cost per pound. Now, the 
economics in favor of rare earths 
are ten times as great as they were 


four years ago. 


In OPEN HEARTH STEELS, the 
improvement in addition practice 
is making rare earths more and 
more economical, actually cutting 
production costs. Excellent results 
with STAINLESS STEEL in hot 
workability and increased yield 
have been verified consistently. 

Most steel producers, conscious 
of their customers’ increasing de- 


mands for better quality, greater 


CORPORATION OF AMERICA 


Grant Building 
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uniformity, and consistently good 
iron and steel are actively engaged 
in research employing rare earths. 
If the cost of iron and steel produc- 
ing is at all interesting to you, or if 
customer rejections play any part 
in your operations, it will pay you 
to investigate the intelligent use of 
MCA RareMeT Compound. A letter 
addressed to any office will bring 


prompt and confidential response. 


Pittsburgh 19, Pa. 


Offices, Pittsburgh, Chicago, Detroit, Los Angeles, New York, San Francisco 
Soles Representatives, Edgar |. Fink, Detroit, Brumiey-Donaldson Co, Los Angeles, Son Francisco 


Subsdiery, Cleveland-Tungsten, inc, Cleveland 


Plants; Washington, Pa. York, Pa, 


... 


— — — 


Complete 
instrumentation! 


Riehle-designed... Riehle- built 


Riehle Universal Testing Machines — the console. A complete family of recorder 


whether hydraulic or mechanical — can be accessories is available — comprising various 


equipped with the most modern and flexible 
autographic strain measuring instrumenta- 
tion. The Riehle-built Recorder is located 
under the writing table of the Indicating 


types of strain measuring instruments for 
magnification ratios up to 1000:1, strain rate 
indicator and time interval marker. Mail 
coupon for further information. 


Unit with its controls placed conveniently on 


RIEHLE TESTING MACHINES 
Division of American Machine and Metals, Inc. 
Dept. JM-556, East Moline, Iilinols 


At no obligation, please furnish additional information: 


ieh le TESTING MACHINES 


A DIVISION OF 


American Machine and Metals, Inc 


EAST MOLINE, ILLINOIS 


Send literature 
) Have a Riehle sales engineer call at first opportunity. 


— 
or 
. 
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No dezincification after Ni-Vee bronze parts replaced manganese 


bronze 


tems in water system valves such as these produced by water 


works equipment manufacturer, Rich Mfg. Co., Los Angeles, Calif. 


How Ni-Vee bronze valve stems 
halt failures in water system 


VALVE STEM BREAKAGE puzzled and plagued water 
s4yatem engineers in the City of Los Angeles. 


Cause of the trouble? Dezincification. A form of 
corrosion that sapped strength from manganese 
bronze stems in cast iron valve bodies. 


Finally city engineers found the answer. As a 
result of 5-year tests of copper-base alloys in a 
variety of waters, these engineers turned to valve 
parts cast in Ni-Vee* nickel-tin bronze. 


High mechanicals 

Containing less than 2% zinc, mainly for scav- 
enging in the melt, Ni-Vee bronze stays immune to 
dezincification. Thus, it retains its original strength 


indefinitely. But that’s only part of the story. 


Ni-Vee bronze gives you high “as cast” tensile 
strength which simple heat treatment can lift up to 
90,000 psi. In addition, this bronze resists wear, im- 
pact and galling. It offers easy castability, low 
shrinkage, pressure tightness, fine grain. Versatil- 
ity plus economy. 


Avail yourself of the money-saving advantages 
afforded by this simple family of five outstanding 
Ni-Vee bronzes. Use them anywhere copper-base 
cast alloys have application for pressure, construc- 
tional and bearing needs. And write for your copy 
of “Engineering properties and applications of 


NI-VEE BRONZES.” Do it now. sdemarh 


67 Wall Street 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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Ample Supplies of Lower-cost Zirconium Foreshadowed by 
AEC Contract 


The AEC has announced the award of five-year supply contracts total 
ing 11 million lb of reactor grade zirconium for the Navy and the AEC 
reactor programs. Each of the three recipients will construct a plant with 
sufficient capacity to supply both AEC and commercial needs. With 
certain new process developments a reduction in the price of reactor 
grade zirconium from the current $12 to $14 a lb to some $6 to $7 a Ib 


is foreseen 


U. S. Industrial Chemicals Co., (Div. of National Distillers Products 
Corp.) plant under construction at Ashtabula, Ohio will use a sodium 
reduction process to supply AEC 1 million Ib annually. NRC Metals 
Corp., a subsidiary of National Research Corp., using a new purification 
process, will supply 0.7 million lb a year from a projected plant ad 
jacent to zirconium sand deposits at Pensacola, Fla. Carborundum 
Metals Co., utilizing the conventional Kroll process developed by AEC, 
will supply 0.5 million lb annually from a plant to be built at Parkers 
burg, W. Va. Carborundum is also stepping up AEC deliveries from 
its Akron, N. Y., plant to 0.325 million Ib annually 


At the same time, U. S. Bureau of Mines pilot zirconium plant at 
Albany, Ore., will be reactivated by August to turn out 0.3 million lb 
annually. This plant will be operated by Wah Chang Corp Additional 


supplies will be met from Japanese exports amounting to 0.2 million Ib 


Titanium Capacity Continues to Climb 


With the output of titanium sponge increasing spectacularly from 3 
tons in 1948 to 7200 tons in 1955, the 1956 production is expected to 
be some 13,000 tons. The high strength, light weight, and corrosion 
resistant properties make the metal excellent for use in jet aircraft, 
ballistic missiles, and atomic installations, which account for at least 
90 pet of present consumption. But as the cost of the metal decreases 


there is an expanding array of nonmilitary uses 


In order to meet these demands Electro Metallurgical Co. has re 
cently put into operation a 76%0-ton titanium reduction plant near Ash 
tabula, Ohio. This plant, using a sodium reduction process, is the largest 
in the country and the first commercial U.S. producer of titanium by 


a method other than magnesium reduction 


At the same time, a leading titanium producer, Titanium Metals 
Corp. of America, has announced plans for expanding capacity at the 
Henderson, Nev., plant from 3600 to 6000 tons to be in operation late 
this vear. In 1950 TMCA, which is jointly owned by National Lead Co 
and Allegheny Ludlum Steel Corp., began conversion of the former 
Jasic Magnesium Plant with the assistance of a $15 million government 
loan. Titanium ingots produced at Henderson, Nev., are processed into 


mill products at Allegheny Ludlum plant 
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Regional Meetings Broaden Viewpoint 
‘T° HIS month members living in the Northwest 
and those who could travel out there had an op- 
portunity to take a look at the whole of the mineral 
picture. May 3 to 5 marked AIME’s Fifth 
Northwest Regional Metals and Minerals 
What is significant about this meeting, 
from the high caliber of the papers, is that 
this is a meeting place on a regional basis for tech- 
nical interests in two branche Mining and Metals 
Again, in September, those members in the Rocky 
Mountain province and those who can go out there 
will have another of these opportunities to see the 
large picture This occasion will be the Rocky 
Mountain Minerals Conference on September 26 to 
26 at Salt Lake City. Those guiding the gathering 
tress that interests covered will cut across the fields 
of Mining, Metals, and Petroleum. Last year the 
conference were set up on topics of 


industry 
Pacific 
Conference 


aside 


essions at thi 
joint interest, drawing men from all technical divi- 
lon into discussion of common problem: 

This process of cross fertilization has its surprises, 
some of which show up during discussion. Men in 
diverse fields are often hacking away at a problem 
without knowing that they are on opposite sides of 
it. Meetings organized on a topic or regional basis 
are the place to find this out 

It is far from new to use common problems to 
draw men of varied specialization into joint dis- 
cussion. Certainly the title of one of the Lron and 
Steel Div.’s conference committees is a case in point: 
Blast Furnace, Coke Oven, and Raw Materials. In 
addition to this range of interests, there is the Open 
Hearth Committee meeting simultaneously with the 
BFCO&RM group at an annual spring conference 
rhis particular meeting gives participants a chance 
to take a look at the whole field of iron making 
from coal, limestone, and iron ore down to the final 
ingot 

The preliminary announcement for the AIME 
Northeastern Mining Branch Conference at Hershey, 
Pa., November 8 to 10 shows the same kind of 
thinking. The early information is that the techni- 
cal program at Hershey will be “comprehensive, 
branchwide.’ 

Still another approach to this problem is evi- 
denced by the annual Electric Furnace Conference, 
wet this year for December 5 to 7 in Chicago. Here 
the process is the topic, and again the specialized 
problems fit into a broad economic and industrial 
framework 


Looking Ahead for the Institute 


In June, MINING ENGINEERING will carry the re- 
port of the AIME Long Range Planning Committee, 
together with some explanatory material and com- 
ment. Copies of this report are available now for 
those who write to headquarters in New York. We 
wish to stress the importance of the questions this 
type of planning raises, and hope that every reade 
will take a close look at the report when it appears 
in June. Looking far ahead is something that in- 
dividuals and organization do all too seldom, and 
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this underlines the importance of those times when 
it is done 

In a way this report on long range planning might 
be termed: “the engineer looks at his professional 
engineering society.”” The same issue will also carry 
something of a different nature that might be 
termed: “the engineer looks at his profession.” Of 
this, more below 


Professionalism and the Engineer 


Some time ago Engineers Joint Council (of which 
AIME is a member), charged a committee with the 
task of studying professional employment condi- 
tions and preparing information for employers on 
the effect of various factors on the development of a 
truly professional outlook by engineers. This work 
has resulted in a report now being released by the 
EJC Board, entitled “Professional Standards and 
Employment Conditions.” 

One benefit, at least, of the shortage of engineers 

or if one wishes, the lack of an oversupply of en- 
gineers—is that the profession and members of the 
profession are getting more attention both within 
and without the field than ever before. For once the 
vital role played by the profession is being recog- 
nized by management, by educators, and by the 
public 

Benefit to the profession is almost certain to flow 
from this increased notice and attention. Among the 
hoped-for gains: better training for engineers, more 
recognition, more financial recognition, and partic- 
ularly, a stronger professional spirit. This EJC re- 
port should help in several of these areas. At least 
some observers feel that now is the time to capital- 
ize on a favorable situation and raise the stature of 
engineering as a profession, and to encourage the 
growth of professionalism, particularly among the 
younger practitioners 

Employers will play a role in this growth of en- 
gineering, it is felt, particularly since many are now 
searching for other solutions to their professional 
manpower problems than merely raiding their com- 
petitors. Management in many cases appears eage! 
to find assistance and answers as to problems of 
proper treatment of professional level employees 
Several firms have received rude shocks when staff 
attitude toward the company was revealed through 
questionnaires 

When one large firm moved a laboratory it was 
jarred to find how few of its people moved with the 
lab. Money was not the problem. Checkbacks on 
the people who left revealed big areas of dissatis- 
faction. Lack of recognition was a sore point, as 
was lack of a clear picture from the company of 
where they fitted into its overall operations 

Everyone—government, business, or college—is 
looking for engineers right now. Out of this search 
are not only going to come constructive action for 
the future, but much closer attention to what is now 
available—to the conserving of the available pro- 
fessional engineering manpower resources they do 


have 
R. A. Beals 


ii 


Notable 
Achievements 


at 


HIGH SPEED PHOTOGRAPHS OF NUCLEATE BOILING wer 
first taken at JPL using a special camera fitted with a Kerr cell shutter 
Sequence photos, taken at speeds up to 20,000 frames per second, were 
the first series of high-speed, high-resolution motion pictures to success 


fully stop the action of nucleate boiling 


Pioneers in Rocket Motor Heat Transfer Research 


JPL JOB OPPORTUNITIES ARE 
WAITING FOR YOU TODAY 
in these fields 
CHEMISTRY 
NUCLEAR PHYSICS 
METALLURGY 
SOLID STATE PHYSICS 
CHEMICAL ENGINEERING 
HEAT TRANSFER 
COMBUSTION 
MECHANICAL ENGINEERING 
NUCLEAR ENGINEERING 


CALTECH 


As a result of knowledge gained from the high speed photos and 
from subsequent work, the role of bubble dynamics has been mcorpo 
rated into theories of nucleate boiling heat transfer whic h is the prin ipal 
mode of heat transfer encountered in the regenerative cooling of liquid 
propellant rocket motors 

Because of the very high temperatures encountered in propellant 
combustion, JPL has been engaged in a broad program studying various 
modes of heat transfer. Emphasis has been placed on studies of boiling 
heat transfer to liquids, turbulent boundary layer heat transfer to deLaval 
nozzles, nonsteady heat transfer due to oscillatory flow, and heat transfer 
with chemical reaction in the boundary layer and on the surface 

rhe influence of chemical effects is one of several programs that has 
benefited from the association of talents and experimental techniques 
from several different fields of specialization. The broad and varied pro 
grams, ranging from laboratory experiments to responsibility for missile 
flight testing, have created unique working conditions for our technical 
personnel 

Here, at JPL, the research engineer enjoys, to an unusual degree 
the stimulus of practical application coupled with an academic atmos 
phere. If you are interested in such problems and working conditions 


we would like to hear from you 


JET PROPULSION LABORATORY 


A DIVISION OF CALIFORNIA INSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNIA 
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AS PARTNERS IN 
YOUR PROGRESS... 


-isa factor! 


The painstaking care with which GLC carbon and 
graphite products are prepared for shipment is typical of 
the interest taken by our personnel—all along the line—to 


achieve unsurpassed quality. 
The earnestness with which our people tackle their jobs 
—whether the task be large or small—is a substantial plus 
factor in the dependability of GLC electrodes, anodes, car- 
bon brick and mold stock. 
The high degree of integration between discoveries in 
ELECTRODE our research laboratories, refinements in processing raw 
materials, and improved manufacturing techniques is further 


assurance of excellent product performance. 


A 
Great Lakes Carbon Corporation 


ADMINISTRATIVE OFFICE: 18 East 48th Street, New York 17, N.Y. PLANTS: Niagara Falls, N. Y., Morganton, N. C. OTHER OFFICES: Niagara Falls, N.Y, 
Ala., George O. O'Hara, Wilmington, Cal. SALES AGENTS IN OTHER 


Ook Park. tll. Pittsburgh, Pa. SALES AGENTS: J. 6. Hayes Company. Birmingham 
o.,, ltd Montreal, Canada, Great Eastern arbon Chemical ~0., Inc ¢ hiy »9da-Ky Tokyo, Japan 


COUNTRIES. Great Northern Carbon & Chemical ¢ 
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| 
GRAPHITE ELECTRODES, ANODES, MOLDS and SPECIALTIES _ 


q Metal 
Fabrication 


by D. S. Arnold, C. E. Polson, 


and E. S. Noe 


EACTORS of today and tomorrow require a high 
uniformity of their fuel elements despite the wide 
variety of uranium raw materials from the far cor- 
ners of the earth. To meet these quality standards 
metallurgists have been working to design produc- 
tion methods capable of yielding reactor feed mate- 
rials whose maximum impurities are specified in 
parts per million, whose physical limits are ex- 
pressed in thousands of an inch, and whose density 
variations are less than 1 pet 
Such requirements are necessary to maintain nor- 
mal neutron flow in the atomic reactor and to in- 
ure that the isotopic content of the feed material 
is maintained within narrow limits 


Receiving and Sampling 

Uranium ores and concentrates are produced in 
many sections of the world, including the Belgian 
Congo, South Africa, Australia, Canada, and the 
Colorado Plateau of the U. S. Ores from many of 
the larger deposits are relatively low grade, and 
these are concentrated near the mine site before 
shipment to refining centers, but high grade ore 
may be shipped directly to refinerie 

These feed materials, received at the sampling 
plant in steel drums, are dried, milled, weighed, 
ampled, and analyzed as necessary for purchasing 
and proce control considerations. Conventional 
methods are used except for the application of a 
higher degree of precision in measurement 


D § ARNOLD, C. E POLSON, and E. S. NOE are with the 
National Lead Co. of Ohio, Fernald, Ohio 


Production of Uranium Metal 


Sampling ; + 
Plant Industrial scale output of ura- (Nitric Acid) 
| nium fuel elements necessitates UO, (NO,), 
+ 
[_Refinery | complex processing to meet speci- (Heat) 
fication for atomic reactors. ; UO, 
Green Sait 
_Plant (H,) 
UO, 
+ 


Metals 
| Plant 
Fig. 1, left, is a simplified production 
flowsheet designed to accommodate the ‘ UF 
chemical flowsheet at right, Fig. 2 


Uranium Concentrate 


Uranium Metal 


The various virgin feed materials, Le., ores and 


concentrates, are blended among themselves and 
with materials produced in the metal recovery plant 
from scrap and reject fraction Processing takes 


place according to the flowsheet, Fig. 3 


Recovery and Purification of Uranuim 

The uranium content of the feed materials | 
converted to soluble uranyl nitrate by digestion in 
nitric acid. The resulting slurry, consisting of acid 
insolubles and a digest liquor of metal nitrates 
and excess nitric acid, is pumped into pulsed 
perforated-plate liquid-liquid extraction columns 
in which the uranyl nitrate is preferentially ex- 
tracted by a solvent mixture of tributyl phosphate 
and kerosene. Purification of the uranyl nitrate in 
the solvent extract stream from this primary ex- 
traction column is accomplished by a partial re- 
extraction or scrubbing of uranyl! nitrate with water 
in a second pulsed perforated-plate column. The 
aqueous stream from thi econd column (serub 
column) is reeycled or refluxed to the top of the 
primary extraction column for uranium recovery 
The purified uranyl nitrate is recovered from the 
organic solvent stream from the serub column by 
re-extraction with pure water in a third pulsed 
perforated-plate strip column. The stripped solvent 
tream is recycled to the primary extraction column 
through a solvent treatment and storage system 

While the uranyl nitrate in the aqueous product 
meets chemical purity specifications (subsequent 
processing in general results in product contamina- 
tion), the uranium is converted through a series of 
teps to anhydrous uranium tetrafluoride (UF,) 
which is used for production of uranium metal by a 
thermite-type reduction. These steps include evap 
oration of the uranyl nitrate solution to produce a 
molten salt of uranyl! nitrate hydrate, which is con 


verted to orange oxide (UQO,) by calcination 
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Feed Materials 


4 


DIGESTION 
EXTRACTION 


Solvent 


=insowubies 


Extraction 
Roffinate 


Fumes 


[EVAPORATION | 


NITRIC ACID 
RECOVERY 


Fused Urany! Nitrate Hydrate 


NITRATION | 


Orange Oxide, UO, 


Nitric Acid Recovery: Because of the high cost 
of nitric acid compared with the other commercial 
acids, and because of the atmospheric and water 
pollution problems associated with disposal of ni- 
trate and uranium feed material, operation of nitric 
plant is justified. Facilities include 
equipment for evaporation of the residual free nitric 
acid from the raffinates from the primary extraction 
and equipment for calcination of the metal 


acid recovery 


column 
nitrates in the concentrated raffinate to produce 
metal oxides and a stream of oxides of nitrogen 
Conventional bubble cap plate absorption towers 
are used to recover the oxides of nitrogen from the 
gas streams from the raffinate calcination, from the 
digestion of uranium concentrates, from the denitra- 
tion of the uranyl nitrate hydrate, and from the 
olution of impure massive metal ura- 
fractional distillation 


nitric acid di 
nium. A bubble cap plate 
column is used to concentrate the evaporator prod- 
uct stream and other dilute nitric acid streams. The 
nitric acid produced in the absorption and distilla- 
tion towers is returned to the digestion area of the 
refinery for further use 

Production of Green Salt (UF,): Green salt (ura- 
nium tetrafluoride) may be produced by reduction 
of orange oxide (uranium trioxide) to brown oxide 
(uranium dioxide) followed by hydrofluorination, 


Hrown Oxide, 


I 


sreen Salt, UF oft gos 


cr RECOVERY ] 


UF. 


(3H, + N, )- RE pucTION| 


UF, 


Fig. 4—Green Salt (UF,) may be produced, either by reduc 
tion of UO, to UO, followed by hydrofluorination, or by the 
gas phase reduction of UF. with hydrogen 
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Elimination of impurities to produce pure 
uranium oxide is a key step in producing 
the metal. The simplified refinery flow 
sheet is shown in Fig. 3 together with the 
nitric acid recovery plant, which is essen 
tial to the economics of the process 


as shown in Fig. 4. Complete reduction of the 
orange oxide to the brown oxide is essential for 
high conversions to the tetrafluoride. The reduc- 
accomplished with hydrogen produced by 
convenient 


tion 1s 
catalytic dissociation of 
source of hydrogen of the high purity needed. An- 
hydrous hydrogen fluoride (HF) converts the brown 
oxide to green salt. The excess HF used to achieve 
high yields of UF, is recovered from the hydrofluor- 
ination reactor off-gas stream by fractional con- 
densation as 70 pet HF (returned to the supplier) 
and as anhydrous HF (recycled to the process). A 
residue is removed from the noncondensible gas, 
neutralized in a scrubber, and ultimately discarded 


ammonia, a 


Green salt may also be produced by the gas phase 
reduction of uranium hexafluoride (UF,) with hy- 
drogen. The use of dissociated ammonia is also 
applicable to this process, and the byproduct HF is 
recovered from the off-gas stream by condensation 


Reduction of Green Salt to Uranium Metal (Fig. 5): 
Green salt is mixed with metallic magnesium and 
charged into a dolomite refractory lined bomb. The 
bomb is capped and placed in a Rockwell furnace 
where it is heated until the thermite-type reaction 
between the tetrafluoride and the magnesium is 
With the high heat of reaction and the 
of the bomb are 


initiated 
rapid rate of reaction, the content 
melted and the uranium metal flows to the bottom of 
the charge cavity where it solidifies into a massive 
metal derby. After the bomb is cooled, the contents 
of the charge are removed, and the derby is sepa- 
rated from the slag, cleaned, weighed, and trans- 
ferred to the melting and casting area. The slag i 
crushed and transported in portable hoppers to the 
metal recovery plant for recovery of uranium values 


Melting and Casting: The cleaned derbies are 
charged into refractory-lined crucibles, and the 
loaded crucibles are placed inside the induction coil 
of a vacuum induction furnace. After the metal is 
heated beyond melting temperature to superheat, it 
is ready for tapping. A special jig opens the tap 
hole, and the metal runs through the bottom of the 
crucible into the mold below. The metal is allowed 
to solidify in the mold under vacuum and is kept in 
the mold under inert atmosphere until the tempera- 
ture has dropped to a few hundred degrees Fahren- 
heit. Then the furnace shell is opened, the mold is 
taken away and opened, and the ingot is lifted out 
by mechanical equipment 

The top of the ingot is cropped to remove pipe and 
impurities. A sample is cut off for chemical and 
physical tests, and the surface defects are ground off 
Then the ingot is taken to the rolling mill 


Woter | 
UO, 
(3 Hy Np 
UO2 


Fabrication of Reactor Fuel Elements 

The ingot is heated 
salt-bath furnace, and in about one hour it reaches 
the required rolling temperature. The heated ingot 
is conveyed to a primary mill (Fig. 6) where it is 
rolled, with frequent turning on the sides, into a 
billet. The billet is run through a tands 
that reduce the section to a round, which is 
sheared to the desired length and either allowed to 
cool to room temperature or charged into a third 
salt-bath for heat treatment 

The round rods, eithe 
straightened by rolling through a 


charged into an electrically 


eries of 


CTOSS 


heat-treated or not, are 
traightener, and 
o only sound metal remains 
are fed into Acme-Gridley 
to the de- 

They are 
, where the 


awed off 
The rods, six at a time, 
which machine the rod 


and cut the rods into slug 


the ends are 


screw machines 
sired diametet 
fed through centerle 
diameter of the slug i 
then the ends of the slugs are 
rounded. The finished slugs are 


grinding machine 
reduced to the final size, and 
machined on lathe 
and the corner 
pickled in nitric acid, washed, dried, and inspected 
After in pection, 
hipped 


for surface quality and soundnes 


the good slugs are packed and 


UF, 


Mg- TION] 


jranum Metal 


MELTING 
,ASTING 


Scrap from Molds 
_and Crucibles 


Jraniuum ingot 


Fig. 5—Green salt is reduced to uranium metal by metallic 
magnesium in a dolomite lined bomb heated in a Rockwell 
furnace 


Recovery of Uranium From Reject and Scrap 
Materials 


The bulk of the reject and scrap materials are pro- 
duced in the metal reduction, casting, and fabrica- 
tion areas. These materials may be grouped into two 


general type 1) high grade metallic scrap, and 2) 


low grade and nonmetallic scrap. The metallic scrap 
consists of ends cut from the ingots and rod aw- 
dust, chips, and turnings from the machining area 
and reject slug Where chemical 


these are charged into the remelt crucible 


purity permit 
with the 
virgin uranium derbi When con- 


taminated, they are processed in the metal recovery 


to produce ingot 


plant either by burning in a furnace to impure black 
oxide (U,O.) or by dissolving in nitric acid to form 
uranyl nitrate. In 
feed 


an impure aqueou olution of 


either case, the product is sent to the refinery a 
material 
The largest 


lag fraction from the metal reduction step. Crucible 


ingle source of low grade scrap is the 
and mold cleanings are burned and returned to the 
refinery as impure black oxide if they are of a suffi- 
ciently high assay 


crap. Uranium-bearing floor 


otherwise they are processed a 
low grade weeping 


dust collector residue 


ump precipitate etc. may 


also be included in this category. These materials are 
calcined in a furnace to oxidize residual free metal 
and burn organic constituents. The resulting fur- 
milled, acid-leached, and filtered to 
produce a uranium-barren filter cake and a urany! 
salt solution filtrate. The uranium is precipitated as 
filtered on a precoat 


product is 


ammonium diuranate which ts 
unit and converted to impure black oxide feed for 
the refinery by calcination of the cake in a direct- 
fired multiple-hearth furnace. A major consideration 
in the production in the metal recovery plant is the 
and fluorides because of the in- 
cause in the presence of 


removal of chlorides 
creased corrosion these 


nitric acid in the refinery 


Quality Control and Accountability 

Throughout all the operations, extreme care is 
taken to maintain the identity of all products for 
s quality control and to provide the basis for 
an active and accurate inventory of all uranium on 
the site. All storage and transfers of uranium and 
uranium containing materials are accomplished in 
registered containers. The green salt is loaded into 
labelled cans, and the derbies made from the salt are 
numbered, The ingots are stamped with a number; 
the rods are stamped with a number identifying in- 
got number and rod position; and the slugs cut from 
the rods are numbered, identifying slug position, rod 
number and ingot. These numbers allow yield com- 
putation and tracing of the history of the slug back 
through the process chain 


proce 


This mill is used to roll uranium into rods for subse 
quent fabrication into reactor fuel elements 


Fig. 6 


Summary 


An intricate series of are required 
uranium reactor fuel elements to meet 
the exacting demand A 


amount of effort must be devoted to the recovery of 


proce tep 
to produce 
product considerable 


Cxce reagents and of uranium from Crap and re- 
problems are encountered from 
at elevated tem 
peratures in two area the nitric acid recovery 


These cor 


ject streams. Seriou 


the presence of corrosive reagent 
operation and the green salt reactor 
rosion problems are met by careful construction and 


diligent proce control. Although some new tech- 
niques are employed, basically the uranium produc- 
tion flowsheet consists of the application of a se- 


quence of conventional industrial processes and 


operation 
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Properties of Zircaloy-2 


A recent zirconium alloy with improved 
corrosion resistance and strength for 
atomic reactor construction 


technology 
needs 


HE rapid development of reactor 

within the past five to ten years, with it 
for new materials, presents a challenge to the metal- 
lurgist, chemist, and materials enginee! Among 
the materials used in reactors is the new metal, zir- 
conium, and its alloys, which are attractive from the 
point of view of their low neutron absorption. This 
desirable characteristic of zirconium is offset by its 
low strength properties and its highly variable cor- 
rosion behavior in the commercially pure condition 
Zircaloy-2, a low alloy of zirconium, was developed 
by the Westinghouse Atomic Power Div. during 
1952. Its desirable properties are: consistently good 
resistance in high temperature water, 
improved strength properties for design, sufficient 
ductility for fabrication, and little change in neu- 
tron absorption due to the alloy additions. Nomi- 
nally, Zirealoy-2 is a sponge zirconium-base alloy 
containing 1.5 wt pet Sn, 0.12 wt pet Fe, 0.05 wt 
pet Ni, and 0.10 wt pet Cr. The use of Zircaloy-2 
has increased in proportion to the development of 
water-cooled reactors. The purpose of this pape! 
is to acquaint technologists with concise 
and up to date information on the properties of 
this alloy. The information is subdivided into three 
wections: 1) composition and physical properties, 
2) mechanical properties, and 3) corrosion be- 


corrosion 


reactor 


havior 


Composition and Physical Properties 


Composition: A typical composition range ac- 
cording to specification PDS 11538-4 for Zircaloy-2 
(strip, bar, or forging) is given in weight percent 


Tin 13 tole 
Iron 0.07 to 0.20 
0.05 to 0.16 
Nickel 0.03 to 0.08 
Average (Fe cy Ni} 023 to 0.42 
Nitrogen, maximum 0.006 


Chromium 


The impurity content does not exceed the follow- 


ing limits in parts per million (ppm) 


Aluminum Magnesium 
Boror Manganese 
Cadmium Molybdenum 
Carbor Silicor 
Cobalt Titanium 
Tungsten 
Vanadium 


Copper 
Hafnium 
Lead 


The limits on nitrogen content are included in the 


composition range because of its importance to 
corrosion resistance. No limit has been set on the 
hydrogen content, although its detrimental effect 
on ductility is known. The commonly encountered 
hydrogen content is about 40 to 50 ppm. The oxygen 
between 1400 and 2500 ppm with a 


source of the 


content varie 
mean value of about 1800 ppm. The 


D. E. THOMAS and F. FORSCHER are with the Atomic Power 
Div. of Westinghouse Electric Corp., Pittsburgh 
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by D. E. Thomas and F. Forscher 


oxygen is usually the sponge zirconium-base mate- 
rial which is always higher in oxygen than is crys- 
tal bar zirconium. The major contribution of the 
oxygen content is its strengthening effect at am- 
bient temperatures, but this effect decreases with 
increasing temperatures. 

Physical Properties: The physical properties of 
Zircaloy-2 are listed as follows 

Density: 
6.55 g per cu cm ~— 0.237 lb per cu in 
(at room temperature) 


Thermal expansivity 
6.5 (10)° per C 
(from room temperature to 350°C) 


Modulus of elasticity: 
14.0 (10)° psi (dE/dT 5500 psi per F) 


Poisson's ratio 


0.31 


Thermal Conductivity 
28°C 8.41 Btu per hr per ft per “F 
100°C 8.12 Btu per hr per ft per “F 
400°C 8.19 Btu per hr per ft per “F 


Transformation Temperatures and Process Tem- 
peratures: Material initially in the hot rolled con- 
dition does not recrystallize completely in a time of 
30 min until a temperature of 800° to 850°C is 
reached. Annealing in the a range for any reasonable 
time does not produce grain growth. The laboratory 
annealing treatment is 750°F for 20 hr in vacuum 
and furnace cool 

Dilatometer curves exhibit 
eutectoid reaction probably involving iron, nickel, 
and chromium, and due to the a-to-f transformation 
of zirconium as affected by the tin and oxygen con- 
tent. On heating at a rate of 100°C per hr the re- 
action due to the presence of iron, nickel, and 
chromium begins at approximately 830°C, and trans- 
formation to 8 begins at about 900°C. On cooling 
and 870 C, re- 


features due to a 


the reverse reactions end at 780 
spectively. 


Mechanical Properties 
The interpretation of most forming processes In 
terms of strength and ductility data obtained from 
tensile tests is, at best, a complex undertaking 
Therefore, many other mechanical tests have been 
designed to simulate the expected forming opera- 
tion or the expected service condition. For the pur- 
pose of this discussion, however, tensile strength and 
hardness on the one hand, and tensile ductility and 
impact data on the other hand, will be used to evalu- 
ate the effect of variables such as test temperature, 
heat treatment, cold work, and directionality on the 

strength and ductility of Zircaloy-2 
Tensile and Yield Strengths: The tensile strength 
in the longitudinal direction decreases with increas- 


| 
30 
100 
50 


ing temperature as shown in Fig. 1. For comparison 
purposes the strength-temperature curve for arc- 
melted crystal bar zirconium is shown. The 


square symbols represent the average of two tests in 


also 


the as-received hot-rolled condition.” In order to 
evaluate the variability of the material, tensile 
specimens from ten ingots were tested and the 


standard deviation calculated." The results are given 
in Table I, and the distribution at room temperature 
is sketched in Fig. 1. Tensile specimens taken trans- 
to the rolling direction differ little in strength 
from their longitudinal counterpart at all tempera- 
tures, but the data show a larger variability 

The effect of cold work on the strength properties 
is shown in Fig. 1 by the curve passing through the 
open circle symbols. The curve shows the 
in tensile strength at all temperatures caused by 60 
pet cold rolling. This is close to the practical limit 
of cold working for Zircaloy-2, for further cold roll- 
pronounced edge cracking and often 
sur- 


verse 


increase 


ing produces 
results in failure during rolling. It i 
prising that strength properties in the longitudinal 
and transverse direction do not differ by more than 
a few thousand psi after 60 pct cold rolling 

The yield strength (0.2 pet offset) of Zircaloy-2 
parallels the behavior of the tensile strength with 
respect to the effects of temperature, annealing, and 
cold work. Typical values are shown in Table I 

Annealing the strength at 
all temperatures as shown by the triangular symbols 
in Fig. 1. Annealing was done at 750°C for 20 hr in 
vacuum 

A typical metallurgical 
the annealing treatment is shown in Fig 
The stringerlike formation, which appears on longi- 
the 


perhap 


even 


decrease properties 


structure subsequent to 


2a and 2b 


tudinal sections only, is also present in as- 
received condition, and agglomerates to larger 


tringers at very high temperatures (1400°C).* The 
constitution of stringers is, at present, not 
known. Stringers to have major effect on 
strength properties, transverse or longitudinal to the 
rolling direction. The most pronounced effect of the 
hearability. The sheared 
surfaces are irregula! hearing is done in the 
direction of the stringers (i.e., rolling direction) and 
are smooth and even when sheared in the transverse 
direction 

Hardness: The hardness of Zircaloy-2 follows the 
behavior of the tensile strength. Diamond pyramid 
values (Dph) at room temperature for the 
four curves in Fig. 1 are also tabulated on the figure 
and reflect, as expected, the strength level of the 
material tested. The values listed on a 
load of 30 kg. It should be remembered that even 
with a carefully prepared surface a very strong load 
dependence of Dph values is characteristic of zir- 


these 


seem no 


stringers appears to be on 
when 


hardness 


are based 


Figs. 2a (left) and 2b (right) ’ 
—Structure of Zircaloy.2 
subsequent to annealing is 


shown in traverse cross-sec 


tion (2a) and longitudinal 
cross-section (2b) The o 

unknown constitution ap 
pears to have no major ef 
fect on strength properties 
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Fig. 1—Effect of temperature on the strength and hardness 


of Zircaloy-2 
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02 pet ield strength 
1000 p 

Tensile strength, 1000 pp 

Reduction in area, pet 


02 


He 


pet ield strength 
1000 p 
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duction pet 


Average Mechanical Properties of Zircaloy.2 
One Specimen per Condition per Ingot from Ten Ingots 


Mean Value Standard Deviation 
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conium and its alloys.’ This load dependence van- 
ishes rapidly with increasing temperature; Dph 
values at room temperature become load independ- 
ent only above 25 kg, and at liquid nitrogen temper- 
ature Dph values continue to decrease up to the 


limit of the load capacity of the hardne teste! 
Another consideration in hardness testing 1s its ori- 
entation dependence. The hardness on planes paral- 
lel to the rolling plane may be as much as 20 Dph 
units above the hardne on transverse or longi- 
tudinal cro ections. The latter impressions have a 


rhombohedral shape, and the ratio of the diagonal 
is a convenient measure of the anisotropy which ex- 


ists perpendicular to the rolling plane 
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Fig. 3—Effect of temperature on ductility and impact strength 
of Zircaloy-2 


Hardness values as a function of temperature are 
shown by the dashed line in Fig. 1.° The parallel 
trend of tensile strength and hot hardne is ap- 
parent and may be expected to continue to such 
temperatures for which no experimental values of 
tensile strength are available. (The Battelle report 
gives hot hardness data to 800°C). The logarithm of 
hardne (Dph) vs temperature plot is a sequence 
of two straight lines with a break at 550°C toward 
decreasing hardnesses 

Ductility: Ductility of any metal is a more elusive 
property than strength, and a plot of three meas- 
ures of ductility as a function of testing tempera 
ture is shown in Fig. 3. The three measures are 
uniform elongation, reduction in area from tensile 
test data, and impact energy of V-notch charpy 
bars. Of the three sets of curve the one for unl- 
form elongation shows the smoothest variation with 
temperature. Uniform elongation is very nearly 
equal to the work hardening exponent n, because 
the natural strain (4) at the maximum load (uni- 
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form strain) equals the work hardening exponent 
in a material which follows the power law o = Ke 
This law is a good approximation of the plastic be- 
havior of Zircaloy-2, i.e., when the true stress 1! 
plotted against the natural plastic strain on log-log 
paper, the stress-strain curve become nearly a 
traight line. Increasing temperature and cold work 
decrease uniform elongation as well as the work 
hardening exponent (Fig. 3) In the 60 pet cold- 
rolled condition the uniform elongation remain 
constant above room temperature 

The reduction in area is a complex measure of 
ductility, since it incorporates the uniform elonga- 
tion as well as the heterogeneous (tri-axial) de- 
formation beyond the point of instability, the so- 
called necking strain. Particularly in the latter stage 
the ductility is strongly influenced by microstruc- 
tural discontinuities. From the curves in Fig. 3 it 1s 
apparent that the reduction in area is not a monot- 
onously increasing function with temperature. De- 
pending on the state of cold work, the increase in 
ductility with temperature is interrupted between 
150° and 350°C. This behavior is reminiscent of the 
blue-brittle range in the low and medium carbon 
teels. The attenuation of ductility at these ele- 
vated temperatures is more pronounced in the 
transverse direction. Transverse specimens with 
more than 25 pet cold work exhibit a decrease of 
reduction in area with increasing temperature be- 
tween 150° and 350°C. The ductility subsequently 
rises sharply at about 400°C. The reason for thi: 
deficiency in ductility at elevated temperatures 1s 
not known, although hydrogen is a suspected cause 
The usual concentration of 40 to 50 ppm can be 
taken into solution at about 400°C which would ex- 
plain the good ductility above this temperature, 
since hydrogen in solution is known to have no 
detrimental effect on ductility. On the other hand, 
it has been shown that in zirconium smal] amounts 
of hydrogen in the form of hydrides can greatly re- 
duce the necking strain® and a similar effect is ex- 
pected in Zircaloy-2. Fig. 4 shows a longitudinal 
ection through the fractured end of a round tensile 
pecimen containing 45 ppm of hydrogen tested at 
room temperature. Note the porosity which de- 
velops in the necked region presumably because of 
hydride precipitation and tri-axial strain. Also note 
the absence of a typical cup-cone failure of thi 


Fig. 4—Longitudinal section through the fractured end of a 
Zircaloy-2 tensile specimen containing 45 ppm hydrogen 
Note porosity, presumably due to hydride precipitation 


: 


ductile material. It is believed that the ductility of 
Zircaloy-2 can be increased by inhibiting the initia- 
tion of pores or, in other words, by preventing the 
precipitation of hydride. In this connection it is well 
to keep in mind the tendency of Zircaloy-2 to pick 
up hydrogen in corrosive media which is discussed 
in detail further on 

Another striking measure of the effectiveness of 
small amounts of hydrogen is its pronounced effect 
on the impact strength The two impact energy 
curves show the typical transition temperature be- 
havior of Zircaloy-2.° Let the 10-ft-lb level be an 
arbitrary definition of the transition temperature, It 
is seen that the 8-quenched condition (1010°C for 1 
hr in helium-water quenched) has a transition tem- 
perature of —50°C, while in the same condition an 
aging treatment (400°C for 3 hr and furnace cooled) 
increases the transition temperature by nearly 200°C 
Mudge’ has shown that this increase in transition 
temperature is associated with a metallographically 
observable formation of hydride. The hydrogen con- 
tent pertaining to the impact curves in Fig. 3 is 40 
ppm. Increasing the hydrogen content of Zircaloy-2 
to 410 ppm shifts the transition temperature to 
nearly 300°C.” 
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Fig. 5—Weight gain-time curves for Zircaloy-2 exposed to 
high temperature water and steam. The specimens exposed 
at 550°, 680°, and 750°F were previously annealed below 
800°C. The specimens exposed at 600°F were exposed in the 
hot rolled condition 


It would be an error to conclude from the result 
of impact tests alone that the f-quenched condition 
is beneficial with regard to ductility. Other effect 
will have to be considered, one of which is that £ 
grain growth will occur when Zircaloy-2 is held in 
the 8 region (roughly above 1000°C). When these 
large grains are quenched into the a region the 
diffusions transformation from body-centered 
cubic £ to close-packed-hexagonal a results in many 
a grains of related orientation within each parent £ 
grain. The mechanical response of such a system 1} 
that the related a grains act as a unit as though the 
prior-8 grain were present, and thu eparation 
along prior-8 grain boundaries during deformation 
is quite common. Whether this separation is due to 
impurity effects in the prior-8 grain boundaries or 


due to differences in slip mechanism in adjacent 
prior-8 grains (because of family relations among 
the a grains) is not known. The separation along 
prior 8-grain boundaries has also been encountered 
upon welding in conjunction with shrinkage stresses, 


Corrosion Properties 

The most important single property of Zircaloy-2 
is its excellent corrosion resistance in high tempera- 
ture water in which respect it is vastly superior to 
unalloyed zirconium. The corrosion of unalloyed 
zirconium in high temperature water is charac- 
terized by the formation of a tightly adherent zir- 
conium dioxide film during a more or less pro- 
tracted period of exposure after which the oxide 
becomes nonadherent. During the first period a 
quasi-cubic rate law is followed, while in the sec- 
ond period a linear rate law is followed. The time 
at which the first period is interrupted is highly 
variable and is shortened when small amounts of 
nitrogen or other impurities are present in the 
metal. Further, the corrosion rate during the sec- 
ond period is very high. In the case of Zircaloy-2, 
however, the time at which the initial period is in- 
terrupted is highly reproducible and is relatively 
insensitive to impurity content. In the second period 
the corrosion product is adherent and the corrosion 
rate is low. These are the principal advantages of 
Zirealoy-2, and they become more pronounced with 
increasing temperature. A further advantage, which 
is derived from the decreased sensitivity to im- 
purity content, is that Kroll proce: ponge zircon 
ium can be utilized in Zircaloy-2 


Table Il. Empirical Equations for the Corrosion Behavior 
of Zircaloy-2 


Tempera 
ture eure Pquation 
min Mg per Dm tin days 


0 40 log 


800 116 155 on Am 074 026 logt Up to 1150 da 
“4 0.065 (t-1150 After 1150 day 

680 2705 low 0.76 0 38 log t Up to 112 da 
‘4 O37 (t-112 After 112 da 

750 400 low m 1.10 032 log t Up to 41 da 


After 41 ¢ 


Kinetics: The kinetics of the corrosion of Zir- 
caloy-2 in high temperature water are shown in 
Fig. 5. Since the corrosion produced oxide remains 
on the surface, the increase in weight of the speci- 
men is a measure of the amount of corrosion. Thus, 
in Fig. 5, the weight gain is plotted as a function of 
time on logarithmic seales for exposure in 550 
600°, and 680 F water. During the initial period the 
corrosion kinetics may be represented by the em- 
pirical equation 


sm ket [1] 


where Am is the weight gain, t is the exposure time, 
and k and nm are constants, dependent on tempera- 
tures. The change from the initial kinetics to the 
final kinetics has been termed transition. The post- 
transition corrosion kineti are described by a 
imple linear equation relating weight gain and ex- 
posure time. A transition is not shown for exposure 

at 550° to 600°F, since data for long exposures are 
not available although estimate may be made 

The kinetics data are summarized in Table II in 
which the logarithmic form of Eq. 1 is employed 
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Included in Fig. 5 and Table II are data pertain- 
ing to the exposure of Zircaloy-2 to superheated 
tear at 750°F and 1500 psi. Under these condition 
Zircaloy-2 appears to follow the same type of 
kinetics as it does in water at lower temperatures 
This is further substantiated by the fact that curves 
relating corrosion to composition have the same 
whether exposure is in steam or in wate! 
team test has been employed extensively as 
and frequent reference will be 
made to the results of such tests in this paper 

The Effect of Composition: The corrosion proper- 
ties of Zircaloy-2 are not sufficiently sensitive to 
© that reasonable variations about the 


feature 
Such a 


an accelerated test 


composition 
nominal composition need not be of concern in the 
practical sense. In the case of alloys containing iron 
or nickel, maximum corrosion resistance occurs at 
about 0.25 wt pet, while chromium appears to be 
less effective. Attempts to determine the individual 
effects of iron, nickel, and chromium in normal 
Zircaloy-2 have failed to show any marked depend- 
uggest that 


However, the data corrosion 


through a maximum as the com- 


ence 
resistance passe 
bined iron, nickel and chromium content increases 
This effect } uggested in Fig. 6 where the total 
range of combined alloying elements is somewhat 


greater than the specified range 
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Fig. &—The effect of total iron, nickel, and chromium con 
tent on the corrosion of Zircaloy.2 in water at 680°F 


On the basis of work done on Zircaloy-2 and 
other zirconium-base alloys the functions of the 
alloying elements may be discussed Tin in Zir- 
caloy~-2 overcomes the deleterious effect of impurities, 
which may be in the pone feed stock, and promotes 
the adherence of the corrosion product. The reasons 
for the latter function are not understood. However, 
the action of tin in counteracting the harmful effect 
of nitrogen is believed to be due to the clustering 
of Sn“ ions, N * ions, and vacant O sites in the oxide 
lattice. This tends to prevent O vacancies, formed 
as a result of the presence of N“, from participating 
in the transport of O through the oxide 
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Iron, nickel, and chromium are believed to be 
interchangeable in their functions in Zircaloy-2, 
although chromium is less effective than the othe! 
two. These elements also tend to counteract the 
effect of nitrogen, possibly through a mechanism 
uch as for tin. They also contribute to adherence 
of the oxide. Unlike tin or any other alloying ele- 
ments, iron and nickel, and to a lesser extent chro- 
mium, improve the corrosion resistance of zirconium 
apart from effects involving impurity elements. This 
effect is believed to be associated with the corrosion 
product, hydrogen, which may play a role in corro- 
sion failure. In the case of Zircaloy-2 it is believed 
that iron and nickel, and possibly chomium, pro- 
mote the recombination of nascent hydrogen, pro- 
duced at the surface by the corrosion reaction, and 
thus limit the amount of hydrogen picked up by the 
metal 


TROGEN 
Fig. 7—The effect of nitrogen in Zircaloy.2 for varying expo 
sure times in superheated steam at 750°F and 1500 psi 


The effect of nitrogen content upon the weight 
gain after various exposure times in 750°F steam 
is shown in Fig. 7. It will be noted that the dele- 
terious effect of nitrogen becomes evident at lower 
nitrogen concentration as the exposure time in- 
creases. Thus, the amount of nitrogen which can be 
tolerated will depend upon the severity of the par- 
ticular application 

The effect of oxygen upon the corrosion properties 
of Zircaloy-2 is absent or very small in the range 
400 to 2000 ppm. The effect of other impurities such 
as aluminum, lead, silicon, copper, and manganese 
is harmful when these elements are present in 
quantities somewhat greater than those indicated 
previously.” However, precise data are not avail- 
able 

Effect of Heat Treatment: The effect upon corro- 
sion properties of annealing at various temperatures 
from 500° to 1000°C, followed by either quenching 
or furnace cooling, is shown in Fig. 8. It is to be 
noted that annealing at 900° or 1000°C results in 
somewhat higher corrosion rates in 680°F water or 
750°F steam than is the case for annealing at lower 
temperatures. The corrosion properties are not par- 
ticularly affected by cooling rate 

Hydrogen Pickup and Effect of Hydrogen Con- 
tent: Experiments, in which the hydrogen content 
of thin foil specimens has been determined as a 
function of exposure time in hot water, show that 
hydrogen is picked up during corrosion * The 
source of hydrogen is presumed to be that evolved 
by the metal-water reaction 
hydrogen picked up is proportional to the amount 


since the amount of 
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of corrosion. Zircaloy-2 picks up about 10 to 20 pet 
of the hydrogen evolved in the corrosion reaction in 
750 F steam and about 5 to 15 pct of that at 680°F 
Unalloyed sponge was found to pick up about 30 
pet of the corrosion product hydrogen. The addition 
of hydrogen to the test water (2000 cu cm per 
liter) results in the pickup of as much as 13 times 
that in degassed water with no effect upon the 
corrosion rate 


] 750°F STEAM 
140 DAYS 


236 DAYS 
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Fig. 8—The effect of heat treatment on corrosion resistance 
of Zircaloy-2 


Current incomplete data for specimens in which 
the initial hydrogen content varies from 4 to 10,000 
ppm indicate that the 
gradually 
total weight gain of the specimens with 10,000 ppm 
H, after 42 days in 750°F steam is only about three 
times that for specimen 

The insensitivity of corrosion rates to hydrogen 
hydrogen may not play an 
important role in the corrosion mechanism of 
Zircaloy-2. This is further substantiated by the 
fact that the kinetics of the oxidation of Zircaloy-2 
exposed in pure, dry oxygen are identical to those 
team at the 


corrosion rate = increases 


with increasing hydrogen content. The 


containing 4 ppm 


content suggest that 


of its corrosion in same temperature 


Application of Corrosion Data: The limitation 


imposed upon the use of Zircaloy-2 by corrosion 
properties does not arise from consideration of the 
loss of metal and consequent failure 
This is evidenced by the post-transition rates shown 
in Table II which range from 0.065 to 1.27 mg per 
dm* per day at 600° to 750° F. In terms of metal 
correspond to 0.4 to 7x10° in 


mechanical 


corroded, these rate 
per yea! 

It is under conditions of heat flux through the 
surface that the corrosion properties of Zircaloy-2 
become limiting in nuclear reactor application. In 
the case of a Zircaloy-2 clad fuel element there are 
three with which one is concerned 
These are the surface temperature, the temperature 
at the metal-oxide interface 
perature of the fuel material within the fuel ele- 
ment. Under conditions of constant heat flux and 
constant evident that the 
temperature at the metal-oxide interface increase 
as the oxide thicknes 
since zirconium dioxide has a very low thermal con- 
ductivity. The fact that the corrosion rate afte 
uggests that the reaction rate 


temperature 


and the maximum tem 


urface temperature, it | 


increases due to corrosion, 


transition is linear 
is limited by diffusion through a thin layer of oxide 
next to the metal and that the remainder of the 
relatively Thus, under heat 


oxide 1 pervious 


WATER | 


throughput conditions the corrosion rate will in- 
crease as the oxide thickens. This effect Is not pro- 
nounced until transition has been reached 

As corrosion proceeds and the oxide thickens 
under heat throughput conditions, the corrosion rate 
increases, and the maximum fuel temperature rises 
in a way which can be calculated The extent of 
corrosion is thus considered excessive when the fuel 
element cladding is breached or when the fuel tem- 
perature too high. Which of these occur 
first depends upon the particular geometry of the 
nature of the fuel material, the 


becomes 


fuel element, the 
surface temperature, and the heat flux 


Conclusions 

From this review of the mechanical and corrosion 
properties of Zircaloy-2 the following general con- 
clusions are drawn 

1) Tensile strength, yield strength, and hardness 
decrease regularly with increasing temperature In 
the range from —200° to 500°C. Only small differ- 
were found between longitudinal and trans- 
verse strength properties in the as-received and in 
the cold-rolled condition 

2) Ductility, as measured by uniform elongation, 
decreases regularly with temperature. Ductility, a 
measured by reduction in area, increases with tem- 
perature and reaches a plateau in the range from 
150° to 350°C. With increased amounts of prior 
cold work, the reduction in area actually decrease: 
with temperature in the range from 150° to 350 Cc 

3) Ducetility, as indicated by impact energy, en- 
a transition temperature at about 50°C 
raised by increasing 
which pre- 


ence 


counte! 
The transition temperature 1 
hydrogen content or by heat treatment 
cipitate hydride 

4) Zirealoy-2 corrode 
Corrosion kinetics are 


in high temperature water 
at very low rate initially 
and later become lineat 


greater than at the end 


quasi-cubk The corrosion 
rate in the latter period 1 
of the former period 

5) Nitrogen in excess of 60 to 100 ppm in the 
metal has a deleterious effect upon the corrosion 
of Zircaloy-2 
metal attrition by corrosion Is not 
a problem in itself. Rather the acceleration of cor 
rosion, and the temperature rise within a fuel ele- 
ment accompanying the transfer of heat through 
ible cor 


propertie 
6) In general 


the corrosion product, dictates the perm 
rosion rate or limits the useful lifetime 
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IRCONIUM and hafnium are readily weldable to 
and to each other when they are pro- 
contamination. The low 
metals and the very 
with the phase 
welding of complex 
tructure distortion. These 
metals and their useful alloys are ductile over the 
tructures result- 


4 themselve 
tected 
thermal expansivity of these 
ociated 


from atmo phe rit 


mall volume change a 


transformations permit the 
with a minimum of 
entire temperature range, and the 
ing from cooling through phase transformations are 
ductile, but the high chemical activity of these 
metals requires that an inert atmosphere be pro- 
vided during welding. Failure to do so will result in 
the formation of nitrides, carbides, and oxides which 

oluble in the metal and which impart 
to the weld area and reduce the corrosion 


are readily 
brittle ne 
resistance of the metal in high temperature and high 
hielded, tung- 
not adequate 


pre ure wate! Ordinary inert, ga 

ten electrode are welding equipment | 
to prevent contamination to the degree desired for 
pecial inert at- 


nuclear components. Consequently, 


mosphere welding chambers were designed and built 
These have 

Early in the development of a zirconium welding 
technique, it was found that the most expedient 
method to obtain a good atmosphere was to evacuate 
the welding chamber first and then back fill with 
helium or argon. Best results are ob- 
evacuated to 


vwiven excellent reactor proven re ults 


either pure 
tained when the welding chamber is 
le than 0.3» prior to back filling. If the equipment 
has been in fairly constant use and ts in good repair, 
can be made with as little as 1 hr 


atisfactory weld 


J. S. THEILACKER, E. D. BAUGH, AH. KASBERG, and R. B 
STERMON are with the Atomic Power Division of Westinghouse 
Electric Corp., Pittsburgh 
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of 
Zirconium 


and 


Hafnium 


by 


J. S. Theilacker, E. D. Baugh, 


outgassing time. But it is imperative that all work 
and fixures entering the welding chamber be scru- 
pulously clean and dry; otherwise the time for out- 
gassing will be excessive. The inert atmosphere is 
usually maintained at or near zero gage pressure 

A typical welding chamber is shown in Fig. 1 
The shell was fabricated from stainless steel in order 
to avoid contamination from surface of rust-coated 
metal. On such parts as access doors and observation 
windows, O ring seals are employed. All motions in- 
side the welding chamber are initiated outside the 
welding chamber and transmitted to the inside 
through special rotary seals. Because of the diffi- 
culty of maintaining a good vacuum when using 
ordinary liquid lubricants, all bearings and sliding 
friction surfaces are operated dry. Some frictional 
relief is obtained through the use of dry molybde- 
num disulfide. Wherever possible, sliding bearing 
surfaces are eliminated in favor of ball bearing 
excellent results have been obtained from ball bear- 
ings that have been thoroughly degreased, run in 
with dry molybdenum disulfide, and again degreased 
prior to installation 

The vacuum equipment is connected to the cham- 
ber near the center. All connections are kept as large 
in diameter and as short as possible. A very satisfac- 
tory combination of vacuum equipment includes a 
water-cooled baffle valve, a 700-cfm fractionating oil 
diffusion pump, an oil trap, and a 50-cfm mechanical 
fore pump. This system brings the 38-cu ft welding 
chamber from atmospheric pressure to ly» in I-hr 
and to 0.034 in 2% hr 

Relative motion of the work piece with respect to 
the electrode can be made independently in all direc- 
tions. Longitudinal motion is imparted to the work 
holder, whereas the lateral and vertical motions are 


Inert Atmosphere Welding 
EAA ie 
Fig 
| 


imparted to the electrode. The work piece can be 
rotated to permit welding on any side by means of 
hand operated controls. The welding current is sup- 
plied through a standard rectifier-type welder. The 
Heliweld unit provides an arc-starting device and 
automatically establishes the are length through 
voltage control. No internal water cooling is pro- 
vided for the electrodes, all cooling being accom- 
plished through radiation and convection from finned 
electrode holders 

Thoriated tungsten electrodes are used for weld- 
ing both zirconium and hafnium. Since water cooling 
is not provided, a larger electrode diameter than 
normal is selected to prevent overheating, but the tip 
is ground to a long gentle taper for best results 
Under normal operating conditions, tungsten con- 
tamination is not encountered. However, if because 
of faulty operation, the electrode is brought into pro- 
longed contact with the work, tungsten contamina- 
tion will occur, The effect of tungsten contamination 
is to reduce the corrosion resistance of both zirco- 
nium and hafnium as well as to sharply increase the 
hardness. In the case of zirconium, the tungsten in 
clusions appear as local hard spots which seem to 
exhibit a particular vengeance toward cutting tool 
The case of hafnium is quite similar except that the 
tungsten tends to diffuse over a larger area more 
readily. Contaminated areas in hafnium, containing 
less than 1 pet W, have been found to be very hard 
and friable at room temperature. The detection of 
tungsten inclusions in zirconium is quite readily ac- 
complished by using X-ray techniques. However, 
since the X-ray densities of hafnium and tungsten 
are so similar, the X-ray detection of such inclusion: 
is quite difficult 

The use of welding chambers limits the types of 
welded joints that are practical to achieve. For ex- 
ample, welding with filler wire is cumbersome. If 
the welding is to be accomplished by complete ex 
ternal remote control, synchronized wire feed de- 
vices would have to be employed. However, fille: 
wire can be and is used when hand welding, but the 
operator must work through heavy rubber gloves, 
thus limiting his area of coverage. Furthermore, a 
welding progresses, the temperature of the inert at- 
mosphere increases, causing an increase in internal 
pressure which tends to push the operator’s arms out 
of the welding chamber 

Most zirconium and hafnium weld joints are de- 
igned so as not to require filler metal. If the atmos- 
phere within the chamber is good, very little change 
is noted in the physical properties of the no-filler- 
wire welds, over those of the base metal. Only a neg- 
ligible loss in ductility and increase in hardne i 
noted. Tensile tests made from flat welded specimen 
generally fail outside the weld area. There is a ten- 
dency for small gas bubbles to occur at the liquid- 
metal interface resulting from volatile impurities in 
ponge base alloys. However, this subfusion porosity 
does not appear to affect the physical properties of 
the weld 

Most of the no-filler-wire weld joints have been 
designed for 100 pet weld penetration. Depending on 
the accessibility, several methods of insuring thi 
penetration are available. The easiest method is to 
weld from each side with conditions adjusted to give 
greater than 50 pct penetration. When both sides of 
the work cannot be welded, as in the seam welding 
of tubing, and if there is sufficient space behind the 
joint to place a close fitting copper back-up block, it 
possible to cast the zirconium against the copper 


There is little danger of contamination if the mass 
ratio of copper to zirconium is relatively high. If 
neither of the previous techniques is applicable, 100 
pet weld penetration can be achieved through rigid 
control of the process. However, the proper welding 
proce for each geometric configuration, basic alloy 
composition, and alloy melting procedure encoun- 
tered must be derived experimentally 

Relative to most other commonly welded metals, 
zirconium and hafnium require high welding cur 
rents; approximately one ampere of current is re 
quired for every mil of penetration in zirconium 
Hafnium current requirements are still higher, Those 
alloys melted under vacua require approximately 60 
pet more current than those melted at atmospheri 
pressure. This effect is apparently due to the release 
of volatile impurities during welding, as is manifest 
by observation of the are and weld puddle shape 


Zirconium to Hafnium Welding 

Zirconium and hafnium can be readily joined to 
produce a ductile, corrosion-resistant joint. Because 
of differences in volumetric specific heat, thermal 
conductivity, and melting temperature, the weld 
pool shape is unique, Fig. 2. If the electrode is posi 
tioned over the joint, much more melting will take 
place in the zirconium, as is shown in Fig. 2a. Thi 
can be partly overcome by shifting the electrode 
lightly toward the hafnium to produce a weld 
imilar to that shown in Fig, 2b. As is shown tn these 
ketches there is a tendency for the molten metal to 
crowd up on the hafnium side of the joint, leaving 
an undercut on the zirconium side. If objectionable, 
this can be minimized by placing a small strip of 
zirconium, as is shown in Fig. 2c, which acts to fill 
the undercut. A complete weld will appear as shown 
in Fig. 2d 


Fig 2—The weld pool formed between zirconium and haf 
nium has a unique shape because of differences in volumetric 
specific heat, thermal conductivity, and melting temperature 


The phy ical prope rt of hafnium to Zirealoy-2 
butt welds have been studied. At room temperature 
and up to about 200°F, the tensile fracture usually 
falls in the weld area, Above 200°F, the tensile fail 
ure is in the Zircaloy-2 

Resistance Welding 

Some work has been done on resistance welding of 
zirconium alloys. Here, because of the short time at 
temperature and the chilling effect of both the work 


and electrode it is possible to produce corrosion 
resistant welds with the use of a shielding stream of 
inert gas only. Comprehensive studies of resistance 
welds in zirconium allo are being made at the 
present time, and it is expected that these result 


will be available in the near future 
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First Zirconium Vessel 


for HRT Reactor 


Hot forming of complicated shapes re- 
duced number of welds. Project speeded 
by development of equipment and tech- 
niques to permit welding in the open. 


by G. E. Elder, E. C. Miller, 
L. F. Bledsoe, and F. V. Daly 


T the Oak Ridge National Laboratory the nu- 
clear stability of a liquid-fuel reactor has been 
proven by work in the Homogeneous Reactor Experi- 
ment As a second phase of the program, the Lab- 
oratory will operate a liquid-fuel reactor of a more 
advanced design, designated HRT, or Homogeneou 
Reactor Test The core tank for thi 
pherical vessel with a conical section for the entry 
of the liquid fuel, as shown in Fig. | 
Stringent demands are placed on structural mate- 


reactor is a 


rials and components in two-region power reactor 
ystems. Core tank material must have: 1) low 
neutron absorption; 2) strength; 3) 
good corrosion resistance in reactor environments; 
and 4) resistance to mechanical damage by radia- 
tion.” These requirements severely limit the number 
of materials available for this application. The very 
low thermal-neutron cross section, the exceptional 
corrosion resistance in certain environments, and 
the retention of adequate strength at moderately 
high temperatures warranted selection of zirconium 
as the core tank’ structural material. The contract 
for the development of the necessary procedures 
and the subsequent fabrication of the core vessel 
for the HRT was let to the Newport News Ship- 
building & Dry Dock Co. of Newport News, Va 
Zircaloy-2, specified for the core vessel, is a zir- 
conitum-base alloy containing: 1.5 to 1.65 pet Sn, 
0.1 to 0.17 pet Fe, 0.07 to 0.14 pet Cr, 0.05 to 0.07 Ni. 
and a maximum of 0.009 pet N. Since this material 
had not previously been used in core vessel manu- 


mechanical 


G E ELDER and E C MILLER are with the Oak Ridge National 
Laboratory at Oak Ridge, Tenn (operated by Union Carbide Nuclear 
Co tor AEC) L. F. BLEDSOE and FV. DALY are with the Newport 
News Shipbuilding & Dry Dock Co, Newport News, Vo 
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Fig. | 


facture, investigation was essential to determine if 
and how the desired physical properties of strength 
and ductility could be attained in the forms required 
for this vessel 

The preliminary investigation program covered 
1) the selection of mill practices which could be 
used in reducing the ingot to plates and forging 
having the requisite physical properties; 2) the 
evolution of techniques to form the component 
parts; and 3) the development of welding proce- 
dures to assemble the complete vessel 


Fig. 2—The basic design of the vessel, with respect to the 
number and size of the various pieces, was first established 


The Crucible Steel Co., without prior experience 
with Zircaloy-2, produced satisfactory forgings and 
plates, employing a slight modification of mill prac- 
tices based on procedures initially developed by the 
Westinghouse Atomic Power Div. and associated 
organizations 
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The basic design of the vessel (Fig. 2), with re- 
pect to the number and size of the various items of 
plate material, was established prior to any attempt 
to form the plate material, and experimental form- 
ing Operations were carried out. Achievement of the 
necessary accuracy in the formed pieces was com- 
plicated by directional properties of the alloy 

It was anticipated that the problems associated 
with the welding of the alloy would be the most 
difficult to solve; therefore, every effort was di- 
rected to minimizing the number of welds required 
Hot pressing was selected as the best method of 
producing the desired shapes, but in retrospect it 
appears that, had time permitted, spinning might 
have been a more satisfactory forming method 
Machined forgings were employed for the inlet and 
outlet pipes and the outlet transition piece, but it is 
now evident that these components could have been 
fabricated from plate without undue difficulty and 
with a resultant saving in scrap losses 

Zirconium and zirconium-base alloys are ex- 
tremely active chemically and require complete 
exclusion of the atmosphere by inert gas shielding 
to prevent contamination at welding temperatures 
After consideration of all of the difficulties of weld- 
ing in a dry box or a controlled atmosphere cham- 


Fig. 3—Sections of the spherical mid-body were formed from 
5/16 in. plate in this hydraulic press 


ber, it was decided that efforts should be made to 
develop equipment and techniques that would per- 
mit all welding to be done in the open. A standard 
inert gas shielded tungsten are torch fitted with an 
auxiliary trailing shield appeared so promising that 
the major effort was devoted to this style of equip- 
ment 

It was necessary to establish some criterion by 
which the efficacy of the inert gas blanketing by 
these devices could be assessed. Published reports 
indicated that the most applicable parameter was 
the hardness of the deposited weld metal and the 
adjacent heat-affected zones; so, this property wa 
selected as the measure of the efficiency of shielding 

Porosity in deposited weld metal presented some 
difficulty in a number of the test welds and in some 
welds made in the initial stages of fabrication. An 
increase in energy input and the adoption of helium, 
hielding gas materially 
on the completed 


instead of argon, as the 
reduced the porosity. All weld 
vessel were examined by radiography and ultra- 
sonic methods and were sound, with a minimum of 
porosity 
Ingots 

The ingots for the material were obtained through 
the Atomic Energy Commission. Blended sponge 
zirconium produced by the U. S. Bureau of Mines 
process, plus required amounts of pure tin, iron, 
chromium, and nickel, was double melted in a con- 
sumable electrode arc melting furnace under an 
inert gas atmosphere or in vacuum. The alloying 
element additions were made to the first melt and 
the are cast ingots from this melt were used as 
consumable electrodes for the second melt. The 
second melt ingots were machined or ground so that 
no surface defects remained and internal soundnes: 
imilar 
abrupt 


of ingots was assured by reflectoscope or a 


method of examination No 
changes in diameter or local depressions that might 


ubsequent fabrication were permitted 


ultrasonic 


Impalt 


Forgings and Plates 
Items 101, 102, 103, 108, and 109 were machined 
except for 


directly from solid cylindrical forging 
the transition piece (103), which wa 
Components 106 and 107 


reforged to 
provide greater length 


Fig. 4—Welding was performed 
in the open with a protective 
blanket of inert gas established 
under shields constructed to 
conform with each weldment 
geometry. Small notches at the 
contact edge of the shield per 
mitted the flow of gas out of 
the area and prevented inspira 
tion of the outside atmosphere 
A hollow copper bar, contorm 
ing to the inner surface of the 
weldment, served os a backing 
shield 


MAY 1956, JOURNAL OF METALS-649 


4 
dal 
ae 
x 
‘ 


were formed from %-in. plate, items 104 and 105 
from 5/16-in, plate, and the diffuser screens were 


made from material 


Forming 
The 30° cone, the 90° cone, the spherical mid- 
body quarter sections, and the dome transition 


assembly were hot formed by using practically 
identical heating and forming cycles. The procedure 
employed was as follow 1) the piece was heated 
in the furnace to a temperature of 1200° to 1225 °F 
2) the piece was removed from the furnace and 
formed in partial dies until the temperature of the 
plate dropped to 750°F; 3) the plate was reheated 
to 1200 to 1225°F; 4) forming was continued until 
the plate temperature was 750° F; 5) the partially 
formed plate was reheated to 1200°F and held at 
temperature for 20 min; 6) full dies were used for 
the final forming operation, and the piece was held 
in the dies under pressure until the plate tempera- 
ture was below 100°F. Fig. 3 shows the press and 
the dies used in forming sections of the spherical 


mid-body 


é 


*illed 5/3?" Diameter 


Fig. 5A preplaced consumable insert was used in the root 
of all welds; it was tack welded to the root nose on one of 
the pieces. Wire for the second pass was 3/32 in. diam, 
and 1/8 in. diam wire was used for all subsequent passes 


Shielding and Welding 

Weld fabrication of the vessel was performed in 
the open with a blanket of inert gas to protect the 
weld puddle, the heat affected zone, and completed 
weld above 1000°F. Individual shields conformed to 
each weldment, and inert gas was supplied at and 
behind the torch through holes in the center copper 
tube of the shield surrounding the torch, see Fig. 4 
Small notches at the contact edge of the shield per- 
mitted gas flow out of the shielded area and pre- 
vented inspiration of outside atmosphere 

Except for some of the diffuser screens, welding 
was done in the downhand position. The external 
welding shield on which the welding torch and the 
tungsten electrode were mounted was spring loaded 
against the surface of the work. The joint being 
welded was moved under the shield and torch, using 
either a machine carriage for translatory motion or 
a welding positioner for rotary motion 

The filler wire used in the vessel fabrication was 
waged Zircaloy-2 wire. The preplaced, consum- 
able insert wire used in the root on all welds (Fig 
}), was machined from 5/32-in. diam wire by the 
Areos Corp. Prior to fitup, the insert was tack 
welded to the root nose on one of the pieces. Before 
tacking the joint elements together, the area in the 
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vicinity of the joint preparation was ground to 
remove all oxide film for about an inch from the 
machined edge. All ground and machined surfaces 
were stainless steel wire brushed to remove burrs, 
and these areas were then cleaned with acetone to 
remove any traces of grease or other contaminants 
The joint elements were tacked together, without 
the addition of any filler wire, by fusing a small 
area of the top of the insert to each side of the joint. 

The joint to be welded was extended by welding 
preformed Zircaloy-2 end tabs at the ends of each 
seam, as shown in Fig. 6. The end tabs were welded 
in an area of the assembly which was later removed 
by machining. Where possible, materials were sized 
to allow approximately 1/16 in. of extra width to 
provide for transverse shrinkage across each joint 
during welding. After tacking and welding of the 
tabs, the joints were again cleaned by brushing and 
by swabbing with acetone. Each welding joint was 
cooled between passes, and any oxide formed afte 
passage of the shield on the preceding pass was 
completely removed by stainless steel wire brushing 
before making the next pass. Each pass was welded 
along the complete length of the joint in one con- 
tinuous operation without pause. After the weld 
was completed, the weld reinforcement was re- 
moved by grinding, and the surfaces were sanded 
to a smooth contour 

Thus the first zirconium vessel for reactor appli- 
cations was fabricated. The performance of this 
vessel in the Homogeneous Reactor Test at the Oak 
Ridge National Laboratory will contribute to the 
determination of the usefulness of this material for 
homogeneous reactor applications 


Fig. 6—The joint to be welded was extended by welding 
Zircaloy-2 tabs at the ends of each seam. They were later 
removed by machining 
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Fuel Element Design 


by C. E. Weber 


UEL elements, the key to the development of 

nuclear power plants, are herein discussed from 
the point of view of a metallurgical engineer re- 
sponsible for the design of a new or improved fuel 
element. He must make compromises between many 
factors either limiting the performance of the fuel 
element or the reactor in which it is to be charged 
Fuel elements will be discussed as a generic clas: 
without extensive reference to a particular design, 
which may 


considering the interaction of factor 


limit performance 


Functional Requirements 

Functionally, fuel elements must generally meet 
the following basic requirements: 

1) Spatial fixation of the fissile material and the 
fission products. 

2) Transfer of heat to the coolant at a desired 
temperature 

3) Isolation of fission products from the coolant 

4) Mechanical and dimensional stability 

If these conditions are met, the nuclear reactivity 
of the reactor can be kept constant, the fuel element 
will not break or deform and interfere with coolant 
flow, nor will they get too hot with attendant prob- 
lems. Isolation of fission products from the coolant 
will allow easy maintenance of the power generation 
system 

Upon choice of an endurance life, performance of 
pecific elements can be evaluated against these re- 
quirements. A low reloading frequency is desired in 
to minimize reproc- 
However, replace- 


most power-producing reacto! 
essing cost and fuel inventory 
ment of the fuel elements will ultimately be required, 
either to extract the fi 
nuclear poisons, or to replace the elements before 
extensive physical and mechanical damage occu! 
It is pertinent that the number of fuel element 
failures which can be tolerated is a function of the 
plant design, being fixed by the 


ion products which act a 


overall power 
amount of fission products and fissile material that 
can be tolerated in the primary coolant system. In 
comparing one type of fuel element against another, 
the fuel element quality may be defined as the prod- 
uct of the number of fuel element failures per core 
loading by the consequences of failure of an element 
While this definition of quality is simple, one find 
that comparisons have beer made on the basis of one 
factor or the other when both should be considered 


The Anatomy of a Fuel Element 

To provide a basis for subsequent discussion of 
design factors and radiation damage, the anatomy of 
a typical cylindrical, externally-cooled fuel element 
is illustrated in Fig. 1, taken from The Metallurgy 
of Reactor Fuels by Howe 

During the fission event, the kinetic energy of the 
fission products is transferred to the lattice primarily 
through ionization, producing the typical tempera- 
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ture gradient shown. Concurrently, the moving fis- 
sion products may hit and displace atoms from lat- 
tice positions, as described by Seitz and othe 
authors,’ causing damage to the lattice. The thermal 
gradient produced in the element will result in ther 
mal stresses in the core and cladding as indicated 
ultimately come to rest, that! 
established with the lattice 
impurity atom 


The fission product 
thermal equilibrium 1 
atoms. The fission products exist a 
thereby causing damage ince, on the average, the 
fission product atoms are large! than the lattice 
atoms and metallurgically dissimilar, and hence may 
introduce local strains in the lattice. If the tempera- 
ture, which is determined by the ambient coolant 
temperature and the gradient due to heat flow, | 
high enough, then diffusion of the fission product 
may occur with excessive welling resulting from 
agglomeration of the rare gas atom 

The rate of interaction between the coolant and 
the cladding is a function of the 
of the element. This is fixed by the temperature drop 


urface temperature 


acro the stagnant boundary layer of the coolant 
chosen. The interface temperature between the core 
and cladding determine metallurgical or chemical 


reaction rates at this point 


Temperature and Specific Power Limitations 

The specific power level and the fuel element tem 
perature are two very important design facto! 
which may effect the performance of the fuel el 
ment. Equally important is the fact that variation 
in these two design criteria directly affect the heat 
output of a reactor, the working temperature of the 
coolant, and thermodynamic efficiency of the cycle 

Although the temperature at any point in a fuel 
element is not independent of the specific powe! 
level which determines the thermal gradient in the 
element, the fuel element temperature and the spe 
cific power will be discussed separately, Tempera 
ture sensitive criteria may limit performance even 
at low power levels, while criteria sensitive to the 
pecific power, such as thermal stresse can, as a 
first approximation, be discussed as indepe ndent of 
the temperature of the fuel element 

Temperature Limitations: At any 
element, the rate of metallurgical or chemical change 
is determined by the temperature, while the physi 


cal and mechanical properties are determined by a 


point in a fuel 


temperature average over the element 

Referring to Fig. 1, the following variables are 
dependent on temperature 

1) Rate of interaction of the 
cladding 

2) Rate of inter-diffusion of di 
and core material 

3) Rate of diffusion of fission product 


the core and into the cladding material 


coolant with the 
imilar cladding 
through 
4) Rate of agglomeration of fission products and 
ubsequent swelling 
5) Rate of chemical or metallurgical reaction be 
tween a dispersed phase in the core material 
6) Rate of reaction of the core media with the 


coolant on cladding failure 


MAY 1956, JOURNAL OF METALS--4651 


‘ 
hes 
ize 
ty] 
- 


| 
} 


COO BINT | 
O9STANCE PROM CENTER « 
’ 
TRESS STRESS 
HEAT FLOW 
‘ 
COOLANT 
FLOW 
FISSION EVENT ] 
AND ACCUMULATION 
FISSION PRODUCTS 
‘ 
FUEL COATING 


Fig. |-—-Schematic diagram of fuel element heat flow 


7) Mechanical and physical properties of the 
composite element 

&8) Crystallographic state of the core and cladding 
media—phase transformations 
Consideration of items 1 and 2, corrosion and 
inter-diffusion, leads to the choice of cladding mate- 
rial which must be compatible with the core mate- 
rial. For 


temperature water, and does not react with uranium 


example, aluminum can be used in low 


at room temperature Zirconium can be used in con- 
tact with water up to the critical temperaure, 374°C, 
not react with uranium until even higher 
temperatures are reached, At higher temperatures, 
steel is desirable for stability to many cool- 
interaction with uranium to form a low 


and do 


tainle 
ants, but it 
melting eutectic at 725°C 

Item 3, the rate of diffusion of the fission products 
into the cladding, should be considered as to possible 
and possible contamination of 


must be considered 


change 
the coolant system through excessive corrosion. For 
concentration of uranium were to 


of properties 


example, if the 
build up to the parts per million range in an alumi- 
num cladding, at a high burnup significant amounts 
of fission product activity would be present 

Item 4, the rate of diffusion of the impurity atoms, 
agglomeration, and subsequent swelling, may limit 
the maximum operation of the fissile materials. As 
pointed out, nucleation and growth of 
pockets must be expected at 


Howe’ ha 
xenon and krypton ga 
ome temperature and gas atom concentration. Le- 
Claire’ has established that, while rare ga 
insoluble in metals, they diffuse in a normal manne! 
if generated in place, and Reynolds* has studied fis- 
atom diffusion in uranium. The effect of im- 


on the behavior of fissile metals is dis- 


atoms are 


purity atoms 
cussed in more detail in a later section of this paper 
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The potential importance of item 5, chemical in- 
teraction of the core materials, can be demonstrated 
by considering the UO,-Al dispersion-type fuel 
element used in the Geneva Conference Reactor 
The mixture UO,-Al is thermodynamically un- 
stable with respect to reduction of the uranium 
and oxidation of the aluminum. If UAI, and Al,O, 
are formed, much of the previous ductile aluminum 
matrix atoms will have reacted to form brittle com- 
pounds with an accompanying decrease in mechani- 
cal properties and thermal conductivity. Obviously 
the element must be fabricated and operated at tem- 
peratures where the rate of reaction is negligible 

Item 6, rate of reaction between the core and cool- 
ant materials, was referred to during discussion of 
the quality of a fuel element. The chemical reactiv- 
ity and rate of reaction of a core material, such as 
uranium, with a coolant, such as high temperature 
water, must be considered from the point of view of 
potential cladding failure during operation. Reaction 
may occur at a very rapid rate, possibly of semi- 
explosive violence, and cause damage to the sur- 
roundings. This might be the case for uranium at 
high burnup containing many micro cracks and 
voids of the type reported by Konobeevsky et al 
Reaction might also take place smoothly and con- 
tinuously without notice, except for rapid contami- 
nation of the coolant, the piping, and system compo- 
nents, providing an accessibility-maintenance prob- 
lem. High quality and operation at conservative 
design levels offer one solution to this question, 
while use of a chemically stable fuel-coolant combi- 
nation offers another 


Fig. 2—Comparison of radial and circumferential stresses in 
solid and cored slugs 


Considering item 7, the mechanical and physical 
properties of a fuel element during operation are 
obviously determined by the average operating tem- 
perature of the element 

Item 8, phase transformations 
a fuel element may exist in more than one crystallo- 
graphic phase in the design temperature range. For 
example, if uranium is used in power reactors, a 
high ambient coolant temperature such as 500°C 
may be required, while a desire for a large size and 
high specific power might lead to a high thermal 
gradient in the element, for example 300°C. If so, 
the metal would exist in three crystallographic 
states ranging from alpha phase in the outer lowest 
temperature zone to beta phase in the adjacent re- 
gion and gamma phase in the high temperature zone 
Severe distortion can occur under these condition 
due to the large volume changes with 


the components of 


associated 


+ 
a 
a 
\ 
\ 
ba 
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each transformation. These effects are brought about 
by the increment in stress level introduced in the 
metal by the expansion at the transformation point 
This problem is discussed under Specific Power 
Limitations. Howe and Woolsey*® have shown drastic 
experimental effects in the laboratory by heating 
and cooling uranium samples through phase trans- 
formations without radial temperature gradients 

Diffusion and agglomeration of fission products 
may be accelerated by phase transformations and 
recrystallization. LeClaire,’ in studying the diffusion 
of argon in silver, has found that the diffusion rates 
Burke’ has pointed out that this 
may be due to easier accommodation of large fission 
product atoms at grain boundaries, resulting in their 
tendency to migrate with grain boundaries and to 
enhance the rate of motion over and beyond substi- 
tutional diffusion 

Specific Power Induced Stress Limitations: The 
specific power level in a fuel element will be limited 
es induced by phase 


are not constant 


by thermal stresses and stres 
transformations. Since other temperature sensitive 
reactions have been covered previously, the remain- 
ing effect of the thermal gradients introduced by 
heat flow are the stresses. Howe’ has described the 
general case of the stresses in the cladding or core 
media limiting the specific power, giving general 
equations defining this parameter. He points out that 
plastic flow or relaxation may occur at high temper- 
ature, followed by brittle failure on cooling to a low 
temperature. Since most reactors do not operate at a 
steady state, excessive plastic deformation on both 
heating and cooling can also result in fatigue failure 
The consequence of the stre introduced by the 
thermal gradients is considered in detail along with 
other stresses in the following section 

Stress Limitations: During operation, many types 
of steady state and cyclic stresses may be imposed 
on fuel elements. These are classified into two 
groups as follows 


Group 1—Externally Imposed Stresse 
a) Vibration due to coolant flow 
b) Stresses due to distortion of external reacto! 
components 
Group 2—Internally Imposed Stresse 
a) Thermal stresse 
b) Phase transformation induced stress¢ 
c) Circumferential stresses due to radial ther- 
mal gradients 
d) Microstresse 
or macrostre es 
of fissile materials in a nonfissile matrix 


around fission product atom 


around dispersed particle 


The externally imposed stresses are those com- 
monly encountered from coolant flow and mechani- 
cal interaction of components. Their magnitude must 
be controlled and added to the internal stresses for 
a conservative design approach, based on knowledge 


of the 


component 


mechanical properties of the fuel element 
Unfortunately, the mechanical proper- 
ties of fissile materials containing design concentra- 
tions of fission products are not well known, and, a 
is shown in a later section, these mechanical proper- 
ties can be drastically altered on irradiation 

The internal stresses introduced in a fuel element 
by thermal gradients and phase transformations can 
be large and hence are discussed separately. Circum- 
ferential stresses may result from uneven cooling or 
power distribution in the elements and 


stre level. Micro- 


uneven 
would act as an addition to the 


stresses or local stresses around the fuel particles in 


mas TRANWORMATON TRANSFORMATION 
CL Tree 


= 


RADIAL OS TANCE 


Fig. 3—The effect of phase transformation and coring on the 
calculated elastic stresses and temperatures for fuel elements 
of equal power 


a matrix element present a different problem, For 


example, in a homogeneous fissile metal, micro- 
ion product 


tresses may be introduced around fi 
atoms which are large in size and do not fit in the 
lattice without considerable local microstrain. Such 
strains may effect the mechanical properties of fissile 
without introducing measurable strains, This 
ection, undet 


metal 
problem is also discussed in a late 
impurity atom effect 

Stresses Introduced by Thermal Gradients and 
Phase Transformations: Large stresses can be gen- 
erated in fissile materials by these two mechanisms, 
leading to fracture of brittle materials and fatigue 
failure of ductile materials. Using the conventional 
tools of stre analysis, certain guiding principle 
and methods of reducing the stre level can be 
even though the desired 
property data may not be available. The reader | 
referred to the literature for detailed information 
on techniques of stre and, in particular, 
to the chapter in the Reactor Handbook on thermal 


arrived at mechanical 


analy 


tre analysis by Daane 

For any given ductile metallic fuel element, as the 
power is increased, the stresses will increase until 
the elastic limit is exceeded. Plastic deformation can 
under steady 


occur, partially relieving the stre 


tate conditions. On cooling, a reverse system of 
tresses is set up which, on continued cycling, can 
lead to fatigue failure In nonductile material 
brittle fracture occurs if the elastic limit is exceeded 
For design purpo under conditions where cyclic 
tresses may be 
uming that elasti es may be compared with 


trains are calculated by as- 


train cvcled fatigue data obtained « xperimentally 
This approach also allow 
different elements of the 


relative comparison of 


ame general type. On the 
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basis of a simple elastic model, the circumferential This elastic stress is, of course, fictitious, and plastic 
tress in a cylindrical element, S, is given by deformation would occur, presenting a potential 
: fatigue problem, if the element is cycled many times 
Baal ( or 1) [1] from full power to low power. Since uranium may 
4(1—v) a be embrittled by the fission products, the possibility 
of brittle fracture must also be considered 
where E is the modulus of elasticity, a the coefficient Should the endurance life of the element be lim- 
of thermal expansion, 4T the temperature difference ited by fatigue failure, reduction of the stress level 
in the element, v is Poisson's ratio, while a is the is one obvious solution. In most applications it is 
radius of the element and r is the radial distance desirable to maintain the specific power level high, 
from the center to the point where the stress, S, 1s and the stress must therefore be reduced by geome- 
being calculated, Since in cylinders with internal try changes, increasing the surface to volume ratio 
heat generation, the maximum stress will be at the or using more elements of smaller diameter. Since 
urface where fatigue failure is most likely to occur, the nuclear value of the fuel in the central region 
the circumferential stress at the surface S’ may be of of a fuel element may not be as great as in the outer 
greatest interest and is given by volume due to self-shielding, a hollow core can re- 
, _ duce the stress level greatly without much loss of 
E «a AT 
[2] fuel. A comparison of radial and circumferential 
2() v) tress in solid and cored fuel elements is shown in 
. Fig. 2, as presented by Cadwell and co-workers.” 
Further, a convenient relationship can be shown The reduction in circumferential stress at the 
relating the maximum circumferential stre to the ‘ 
power generation per unit length Q and the thermal The 
_ pet under the conditions chosen. Should the central 
conductivity of the material K. Since 
region of uranium fuel in an element of this type 
exceed the a-8 phase transformation temperature, a 
T - [3] core would also provide space for the expanding 
4ak metal to occupy, reducing the stress in the element 
then j In this case, the 8 phase is about 1 pct less dense 
EaQ than a phase 
8K(1 v) In a composite element with a dissimilar cladding, 
metallurgically bonded to a fissile metal core, the 
cladding may differ markedly in physical properties 
from the core, resulting in high stresses at the clad- 
ding-core interface. The effect of a phase transfor- 
mation and coring on the calculated elastic stresses 
ae a ona in the fissile and cladding material is shown in Fig. 
¥ 3. The stresses are calculated for an element where 
Ae the thermal conductivity of the core and cladding is 
; ; the same, while the coefficient of expansion of the 
- cladding is greater than that of the core. Condition 
— a is the stress pattern in a solid element with a 
. , single phase core and a large difference at the clad- 
pence : ] ding-core interface. With the central region expand- 
| ing due to a phase transformation, case b, the clad- 
- - ding mismatch is the same but the circumferential 
stress in the outer fibers of the core is markedly in- 
Fig. 4-—Stress strain curves of irradiated uranium at 285°C creased, Coring as per case c and eliminating the 
and at room temperature econd phase region compared to case b reduces the 
stress level throughout the element and such action 
should increase the fatigue life of the element 
To illustrate the stre problem, a typical set of Concluding the discussion on internal stresses, 
fuel element parameters set forth by Howe’ is used, many solutions can probably be arrived at for mini- 
as given below mizing these and other factors which may limit the 
life of a fuel element. Perhaps the unique difference 
Type of Element Cylindrica in a fuel element relative to conventional items is 
in, the desire to obtain a large quantity of heat from 
wer Level watts per U= nuclear elements, pushing the stress levels higher 
wa than in conventional practice coupled with the un- 
—— usual effects produced by the fission products in the 
Thermal Gradient fissile material 
Bonding of Cladding to the Core: A general an- 
The maximum circumferential stress, S’ for this swer to the question of whether the core material 
element, can be calculated using Eq. 4, taking the should or must be metallurgically bonded to the 
following for the approximate values of the physical cladding cannot be given. This is a pertinent ques- 
constants of uranium at design temperatures: E tion to be answered in each specific design case. For 
25x10" psi, + 0.25, « 18x10° per “C, and K example, the uranium core is metallurgically bonded 
0.75 watts per in.-°C to the aluminum cladding in the fuel slugs for the 
For a heat flux of 107 watts per sq cm, Q 1630 Oak Ridge air-cooled research reactor. On the other 
watts per in., giving S 163,000 psi, which is well hand, the cladding is only in tight contact with the 
beyond the elastic limit of unirradiated uranium at uranium in the fuel elements for the Brookhaven 
research reactor as described by Gurinsky 


these temperatures 
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Mechanical and Physical Properties of Fissile Materials 


Stress considerations have shown that the thermal 
in a fuel element, for a given diameter and 
specific power, is proportional to the thermal con- 
ductivity and coefficient of thermal expansion. The 
of fuel materials to deformation and fail- 
properties. Con- 
ventional engineering practices cannot be 
followed at the to the limited 
amount of data on mechanical and physical proper- 
ign operating condi- 


stres 


resistance 


ure is determined by mechanical 
design 
present time, due 
materials under de 
Significant changes take 
rials under irradiation, but these 


incorporated into design only in a qualitative man- 


ties of fissile 
place in fissile mate- 
can be 


tions 
changes 


ner at present 


% 


2 5 ‘ + 


atoms 


Current published data on the properties of ir- 


radiated fissile materials are given below 


Uranium 

Ductility: Hueschen and Kemper 
uranium is embrittled on irradiation with a marked 
decrease in ductility, measured both at room tem- 
perature and at 285°C. Little recovery of ductility 
was obtained by annealing at 400 700 C 
These data are shown in Fig. 4 

The irradiation dosage wa 
corresponds to a lattice atom burnup of 
Their inability to anneal out the damage at 
led them to the conclusion that the impurity fi 
product atoms must play a predominant role in the 


have found that 


MWD/T, which 
~0.06 pet 
400 ¢ 


620 


embrittlement 


PEN POINTS AE PRESENT 
400 AFTER RADIATION 

ATIMATE TENSAE STRENGTH 189% AL LOW) 
OF 5% ALLOY 

@ AIMATE TENSE E STRENGTH 
@ O2% 3% 


5% 


Effect of fission in aluminum-uranium alloys upon: the ratio of final-to-initial electrical resistivity (Fig. 5, at left); hardness 


(Fig. 6, center); and tensile strength at 30°C (Fig. 7, at right) 


Table |. Effects of Irradiation on Properties of Uranium 
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Tensile 
Strength 
Ke per 
Sq Mm 


Impact 
Strength, 
Ke per 
Sq Mm 


Micro 
hardness 
Ke per 
Sq Mm 
After Before After Before After 
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Heat treated 

Hot rolled 


burnup 
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produced in a 
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fi on 
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0039 pet 
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Reynolds’ has shown that severe embrittlement of 
uranium can take place at as little as 0.001 pet of the 
lattice fissioned in a uranium Kono- 
beevsky et al. have also observed that uranium 1s 
brittle after before 
failure in a 
properties 
after irradiation to an 
suming the uranium to be natural, thi 
to a burnup of 0.0039 pet.) 

The decrease in ultimate tensile strength instead 
of the expected increase was attributed to many in 
ternal cracks which were detected microscopically 

Foote tates that the change in hardness on ir- 
radiation is large and depends on previous mechani 
cal history. Alpha recrystallized 
from Vhn 214 to 275 at 0.01 pet burnup 

Electrical Resistivity: ky et al.” have 
measured the electrical re uranium fuel 
irradiation to a dosage of 2.5x10" 
0.0) burnup for 


increases 1 to 5 


atoms wire 


with no elongation 
Their data on 
Table 1, both 
exposure of 10 


irradiation 
tensile test mechanical 
before and 
(Pre 
correspond: 


are shown in 


nvt 


pecimens increased 


Konobeey 
istivity of 
during and after 
nvt 
natural uranium). Resi 
pct were observed 
Billington” states that J. Royal (Argonne National 
Laboratory) has observed a 1 pct increase in resist 
ance for 0.02 pet burnup of uranium lattice atom 


(corresponding to about pet 


tivity from 


Uranium are 
that the 


proportional 


Thermal Conductivity: No data on 
available, but a 
change in thermal conductivity 
to the change 
tron conduction predominate 


umption |} 
Will be 
in electrical conductivity 
lattice 


reasonable a 


ince elec- 
ove! conduc 


tion in uranium metal 
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Fig. 8—Effect of fission on the ratio of final-to-initial thermal 
resistivity in aluminum uranium alloys 


Uranium Alloys 


Uranium-Aluminum: Data on property changes on 
uranium-aluminum alloys taken from Billington” 
are shown in Figs. 5 through 10. The enrichment 
of the uranium in these alloys is not given, and the 
burnup cannot be calculated. If natural uranium 
was used, lattice atom burnups of at least 0.078 pct 
were achieved at 2x10” nvt. The tensile properties 
are markedly changed, and the material is much 
less ductile. Post-irradiation annealing gives only 
partial recovery, again indicating the role played by 
the impurity atoms 
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Fig. 9—The effect of annealing on radiation-produced 


changes in aluminum uranium alloys 


Beryllium-Uranium and Zirconium-Uranium: 
though Billington does not give extensive data, he 
states that these alloys are not much affected by 
irradiation. Electrical resistivity increases up to 9 
pet were observed in the beryllium-uranium alloys 
at a total lattice atom burnup of 0.06 pct 

Fortunately, the change in electrical resistivity 
appears to saturate with This 
may also be the case for the change in mechanical 
properties, but more data are needed in this field 

Ceramic Fuels: Uranium oxide and mixtures of 
uranium oxide in graphite and beryllium oxide have 
been studied Little data are reported on the 
uranium oxide, information being limited to X-ray 


increasing dosage 
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line broadening at burnups as low as 3x10~ pct of 
the uranium atoms. 

Both the graphite and beryllia mixtures with 
urania show marked decreases in thermal conduc- 
tivity. Changes of measurable orders of magnitude 
were reported for graphite-uranium oxide, while the 
conductivity was continuing to decrease in beryllia- 
urania after a sixfold decrease. In the beryllia 
case, the burnup was only 5x10” pct of the total 
atoms present 

The graphite-urania studies showed that no re- 
covery of fission product damage could be achieved 
by annealing at temperatures up to 750°C. In addi- 
tion, the studies showed that the amount of damage 
to the composite mixture was a function of the par- 
ticle size of the UO, particles. Much less damage 
occurred for particles which were large compared to 
the fission product range, indicating that most of the 
damage was restricted to the UO,. This dispersion 
approach is also discussed in a later section. 
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Fig. 10—Effect of fission on elongation at 30°C in aluminum- 
uranium alloys 


The data on mechanical and physical properties, 
including observations on dimensional stability, 
show that radiation damage, plus the generation of 
the impurity atoms in the lattice, can markedly 
change the properties of fissile materials. The need 
for additional data, including the temperature de- 
pendence, is obvious. 


Radiation Damage and Impurity Atom Effects 


In the discussion of The Anatomy of a Fuel Ele- 
ment, damage due to fast moving fission products 
displacing lattice atoms and the separate effect of 
the fission products at rest in the lattice was briefly 
mentioned. In this section, the difference between 
the two phenomena will be discussed in order to 
promote further work in this field. 

The term radiation damage has been used, and 
in many cases is still used, to cover changes in 
mechanical and physical properties, dimensional in- 
stability, and other unpleasant effects that take 
place on irradiation of fissile materials. In this paper 
radiation damage will be limited to phenomena 
arising from the interaction of fast moving particles 
fission fragments) and photons 
(8 and y radiation). In a metal, radiation damage 
will occur only from the fast particles colliding 
with the nucleus of metal atoms, with heavy atom 
effects predominating over neutron effects. In non- 
metallic systems, ionization effects may predomi- 
nate, with § and y radiation contributing significantly 


(neutrons and 


In contrast to radiation damage, the damage or 
change in properties caused by impurity atoms In 
the surrounding fissile lattice is an entirely 
separate phenomenon. While a whole new set of 
problems are created, the resultant material is not 
damaged by the foreign atoms. One may con ider 
instead that a new material has been created with 
rather unique and perhaps unfavorable properties 

Radiation Damage: Determination of the relative 
contribution of radiation damage and impurity 
atom damage to altering the properties and be- 
havior of fissile materials presents a new field for 
extensive and, what may prove to be, fruitful expe- 
rimental investigation. In the absence of experi- 
mental results, data obtained on nonfissile mate rials 
can be extrapolated qualitatively to fissile mate ials 
Billington,” Varley,“ and Crawford and Wittel 
have recently summarized data on nonfissile systems 

In nonfissile metals, increases in electrical resis- 
tivity, hardness, yield strength, and decreases in 
ductility, as well as other property changes, have 
been observed. These changes are due to displace- 
ment of lattice atoms from lattice sites by fast neu- 
tron bombardment. In a fissile metal the same gen- 
eral type of damage will occur with the yield of 
displaced atoms being greater from collisions of the 
fast fission products than from neutron collisions 
with the lattice atoms 

Fortunately, annealing and recovery of most of 
the radiation damage occurs with most metals of 
interest to the reactor designer at design tempera- 
tures. Billington” has pointed out the apparent rela- 
tionship between activation energy for self-diffusion 
and stability of metals to radiation damage at dif- 
ferent temperatures. This is related to the well 
known generalization that lattice atoms are equally 
mobile in all metals at temperatures which are the 
same fraction of the absolute melting points of the 
respective metals. For example, most of the radia- 
tion damage anneals out of aluminum well below 
room temperature in this low melting metal 

While most power reactors operate at high tem- 
peratures where annealing occurs by recombination 
of the displaced lattice atoms and the vacancies, a 
low temperature region may exist In fissile metals at 
which diffusion annealing does not occur rapidly, 
thereby allowing high concentrations of displaced 
atoms to build up in the metal lattice For example, 
Bruch. McHugh, and Hockenbury” have hown that 
neutron bombardment raises the temperature for 
brittle ductile fracture in molybdenum above room 
temperature, and a fissile alloy having molybdenum, 
tungsten, or other very high melting alloys as the 
base metal may not be well behaved at te mperatures 
where lower melting alloys may be satisfactory 

Cadwell and co-workers” have studied X-ray line 
broadening and line shift in uranium irradiated to 
very low exposures (of the order of 0.001 pct burn- 
up) and have seen indications that most of the dis- 
placed atoms anneal on reaching room temperature 

Summarizing, radiation damage caused by lattice 
atom displacement does not play a significant role 
relative to impurity atom effects under most design 
conditions. More work to determine the conti ibution 
of radiation damage to the total damage in fissile 
metals is indicated and low temperature studies 
should be informative 

Impurity Atom Effects: A low temperature region 
was postulated in which high concentrations of dis- 
placed atoms and lattice vacancies might build up 
in a metal. Two other regions may be defined: 


1) A middle temperature region where radiation 
damage anneals out during operation but diffusion 
of the fission product atoms does not occul 

2) A high temperature region wherein the im- 
purity atoms are diffusing, permitting agglomeration 
or escape of the fi ion products 

The middle temperature zone represents the 
region of interest to the fuel element designer 
Mechanical property data previously discussed have 
shown that the impurity atoms can markedly em- 
brittle uranium and that annealing up to as high as 
700°C does not permit recovery of ductility. This is 
not surprising if attention 1 focused on the metal- 
lurgical nature of the fission products and the size 
of these impurity atoms. The composition of fission 
products is as follow 83 pet metals, 12 pet kryp- 
ton and xenon. The composition of the metals only 1s 
42 pet the size of uranium, 21 pet large metal- 
lurgically incompatible alkali and alkaline earth 
metals, and 37 pct rare earth (comparable in size) 
With this in mind, if a hypothetical element of 100 
pet U™ were irradiated to higher and higher fission 
product concentrations, a point would be reached at 
which the metal would be highly embrittled as ob- 
erved experimentally. As even higher concentra- 
tions were attained, perhap approaching 100 pet 
burnup, the metal might be so highly stressed that 
fragmentation might occur due to microstresses only 

It is also pertinent to point out that a volume ex- 
pansion of the fissile me tal should start to occur (if 
plastic deformation take place) at some concentra- 
tion of fission product atoms, since: 

1) Two atoms are produced per atom fissioned 

2) The atoms are on the average larger than the 
parent fissile atom 

Assuming metallic radii for the impurity atoms 
and ideal mixing, a swelling rate R, the percent ex- 
pansion in volume per I pet fission of all the metallic 
atoms in the fissile metal, can be calculated. Since 
the average volume of the fission products is about 
two times that of uranium, R 3. This rate assumes 
no cracking or agglomeration of fission products, 
which would give a higher rate, or local elastic 

train around the fission product atoms, which might 
reduce the swelling rate. At low burnups an expan- 
sion may not be detectable, but in high burnup ele- 
ments such as MTR or perhaps elements of interest 
for certain types of power reactor this minimum 
amount of swelling may occur, Few data are avail- 
able at present, but Billington” report that Temple- 
ton. Brady, and Desnicke” have observed volume 
increases as great as 3 pet at 0.05 pet burnup of all 
the uranium plu aluminum atoms in an aluminum- 
uranium alloy. This gives a rate R 60, which 
trongly indicates other phenomena such as internal 
cracking or gas agglomeration must have occurred 
Foote tates that changes in volume of irradiated 
uranium, about twice as great as can be accounted 
for by creation of fi ion produc ts, have been ob erved 
in irradiated uranium, indicating internal cracking 
Summarizing, until additional data are available, it 
mav be wise to allow for a minimum volume in- 


crease due to fission product accumulation in the 
lattice 

Swelling and Agglomeration of Fission Products: 
At high temperatures the fission products are mobile 
and can diffuse and agglomerate in the metal or 
escape. Excessively high swe lling rates may be ex- 
pected if the fission gase which are normally in- 


oluble in metal agglomerate at grain boundaries, or 
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exerting high internal pressure produce 
welling through plastic deformation or cracking 
through brittle failure. Similar phenomena are 
known to occur in other metal uch as the case of 
teel after quenching, leading 


impuritie 


hydrogen present in 
to cracking and flaking 
LeClaire and Rowe’ have shown that the rare gas 
diffuse in metal in a normal manner. Rey- 
nolds* carried out an investigation of the diffusion of 
xenon and krypton in irradiated uranium at low 
ranging from 0.001 to 0.004 pect burn- 
up and ga of 0.0044 to 0.018 cu cm 
per cu cm of metal, and found no appreciable gas 
evolution occurred below 1000°C on steady state 
heating. However, he noted that the rate of evolu- 
tion at about 1000°C was considerably increased by 
cycling the metal down to low temperatures (well 
below the a-8 phase transformation.) The accelera- 
attributed to grain boundary motion, which 
results from cycling through the a-f and B-y phase 
transformations. He also observed swelling and sur- 
face blistering of the uranium, due to gas evolution 
from the sample. At higher burnups in fissile metals 
even more pronounced effects might be expected 
Radiation Stability of Uranium: Alpha uranium 
to be the metal least stable to irradiation 
changes, and this instability has been attributed to 
the highly anisotropic nature of the metal in the 


atom 


concentration 
concentration 


tion | 


appeat 


OM 


PREDOMINANT PLANES 


Fig. 11 
cates the original length of the specimens 


anisotropic distortion without a 
change in density has been observed both on irradia 
tion and thermal cycling between two temperature 
in the laboratory. This instability has been 
related to preferred orientation of the 


“ Gro 


gradient 
hown to be 
in uranium metal after fabrication 

Uranium ha tudied extensively, and Foote 
is referred to for a recent review with references to 
the literature. As an example of dimensional insta- 
bility, he reports a sixfold increase in length on 
thermal cycling uranium with a highly preferred 
orientation. The metal also grows and distorts on 
irradiation, but randomly oriented, fine grain mate- 
much more stable to both thermal cycling and 
irradiation. An example of dimensional changes as 
a function of preferred orientation is shown in Fig 
11, as prepared by Cadwell and co-workers.” On 
application an approach may be to contain the metal 


vrain 
been 
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Effects of preferred orientation on dimensional stability of uranium during irradiation 


in a cladding strong enough to prevent distortion of 
the uranium. Since each grain in a randomly ori- 
ented crystal structure may still grow in a preferred 
direction, growth of grains into each other may set 
up a stress situation which accelerates microcrack- 
ing of the type reported by Konobeevsky et al. 

While the behavior of uranium on irradiation and 
thermal cycling follows the same general pattern as 
a function of preferred orientation, the two mechan- 
isms do not appear to be the same as recently re- 
viewed by Pugh.” 

To avoid the dimensional changes that occur in 
a-uranium and any effects therefrom, use of an iso- 
tropic material is indicated. Uranium stabilized in 
the y» phase meets this criteria, while thorium 
would be an isotropic matrix metal of interest in 
some power applications 


Fuel Types 
The problem of radiation damage and impurity 
atom effects leading to embrittlement, dimensional 
instability, thermal stress-induced cracking, poten- 
tial gas diffusion, agglomeration, and other changes 
has been discussed. Proper choice of temperature, 
power level, burnup, and fuel element shapes can 
solve many of the design problems. The type of 
material is also a design variable, and three general 

types of elernents can be used 


(020M 
PREDOMINANT PLANES 


The horizontal white line indi 


Type IL. Elemental or Solid Solution Elements: 
Uranium, uranium alloys, and other fissile systems 
in which the concentration of fissile material and, 
therefore, the fission products produced are rela- 
tively uniformly dispersed throughout the fuel ele- 
ment core fall into one system. The system is char- 
acterized by the dilution approach in that the fissile 
material is diluted with an inert diluent, reducing 
the final concentration of fission products and the 
effects of operation on the endurance life. Uranium 
is a classic example of the fissionable material U™, 
diluted with U™ as a base. The 
marked radiation effects in natural uranium where 
the burnup of all of the uranium atoms fall in the 
range of 0.01 to 0.1 pet has been discussed. This cor- 
responds to a burnup of the U™ present of 1.39 to 
13.9 pet of the U™ in the alloy of U™ plus U™. With- 
out dilution with U™, these high burnups would 


nonfissionable 


| 
| 
Bi 
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certainly cause marked changes in uranium stability 
Other relatively low cross section metals such as 
molybdenum, zirconium, and aluminum can also be 
considered as diluents. Heterogeneous alloys, where 
all phases contain fissionable material, are classed as 
type I in contrast to the dispersion type, where the 
fissile material and the fission products are localized 
in a diluent matrix 

Type I. Dispersion-Type Fuel Elements: A dis- 
persion-type fuel element has been defined by Webe1 
and Hirsch” as an element in which the fuel core is 
heterogeneous, consisting of fissile particles di 
persed in a continuous matrix of nonfissile diluent 
material. They point out the advantages of lumping 


Fig. 12—This traverse cross section of an iron clad, Fe UO 
core, co-extruded from 2') to '2 in. diam, is an example of 
a dispersion-type fuel element 


the fissile material into discrete particles of prope 
ize so that most of the fission products are retained 
in the dispersed particle. The matrix metal must 
predominate in volume, being present as a continu- 
ous matrix. The particle size and spacing in the 
matrix is also chosen so that the distance between 
particles is large compared to the range of the fission 
products which recoil from the dispersed phase 
leaving fission-product-free, matrix metal to provide 
the desired physical and mechanical propertie 

An Fe-UO, dispersion is shown as an example of a 
dispersion-type fuel core material in Fig. 12. As re- 
ported by Billington,” L. P. Hunter and R. H. Kerno- 
han both have studied uranium oxide dispersed in 
graphite and find that a suitable particle size is 100, 
in line with the later analytical considerations of 
Weber and Hirsch.” 

Type UI. Container-Type Fuel Elements: Fig. 13 
hows a third type of fuel element which wa 
tudied by Kesselring and Stahl at the Knoll 
Atomic Power Laboratory in connection with studi« 
on a propo ed intermediate neutron energy, powe! 
breeder reactor experiment. In contrast to dilution, 
the fissile material is placed in a container which in 
itself is not damaged by the fission events occurring 
in the fuel. The fuel is not bonded to the container 
walls, and tests on uranium and uranium oxide have 
hown satisfactory performance In this case, in- 
ternal void is provided in the container, allowing the 
fission gases to escape from the fuel, should thi 
occur, without producing excessive pressure on the 
container walls 

The significant difference in this type of fuel ele 
ment is that a large amount of damage could occur 


(a) (b) 
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Fig. 13—This is an example of a container-type fuel element 
in which the fuel is not bonded to the container walls 


in the core while the container walls are not dam- 


aged by the impurity atoms produced 


Summary 

Power plant design studies have well established 
that the cost of central station nuclear power is a 
direct function of the allowable fuel element burnup 
that can be achieved before reprocessing is required 
Nuclear power can be competitive with conventional 
power if uranium fuel elements can be developed 
that will withstand exposure of 1 to 2. pet 
burnup of the fuel. The damage which takes place 
in an operating fuel element may well be the limit- 
ing factor in the cost of nuclear power. Basic fuel 
element design considerations have led to three 
general types of fuel elements for future study. Ex- 
tensive investigations are required to determine the 
ultimate performance of these types of elements and 
their intrinsic behavior. Moreover, the advantages 
and disadvantages of a heterogeneous reactor com- 
pared to a homogeneous reactor can only be evalu- 
ated on the basis of this additional knowledge 
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Ceramic Fuel Materials for 


Nuclear 


Reactors 


by J. R. Johnson 


of the major problems confronting reactor 

uitable construc- 
those in the reactor 
cores, The development of materials which can take 
advantage of the high power densities and high 
available in nuclear re- 
have the 


technology is the provision of 


tion material particularly 


temperatures potentially 
pecial challenge. Ceramic 


challenge. !n addition, 


actors offers a 
possibility of meeting thi 
there are reactor applications where ceramics are 
useful because of their inertness to corrosion and re- 
action, resistance to radiation damage, and economy 

Ceramics for fuel element use may be classified as 
fissionable and fertile materials either in bulk o1 
and refractory container materials 
which incorporate the fissionable materials. In the 


selection of container materials, primary considera- 


granular form 


tion must be given to nuclear economy, physical 
properties, availability, and fabrication costs 

A number of ceramics have been used in reactor 
including graphite, a few oxides and 
carbides, and concrete. It is noteworthy, however, 
that little advantage has been taken of the refractory 
nature of ceramics, which is one of their most use- 
ful features. To some extent, the inherent complica- 
systems have 


application 


tions of high temperature reactor 
limited consideration and application of ceramic 
however, the desirability of such system 
justification for considerable research and develop- 


provides 


ment of these materials 


Definition and Properties 
In general ceramics include those inorganic, non- 
metallic materials which are processed or used at 
high temperatures. In bulk form they are brittle and 
usually hard, and nearly all are compounds of two 
They include both solid and 
materials and may be part of 
and organics, such as cermets 


or more element: 
vitreous, or glassy, 
mixtures with metal 
und resin-bonded fiber glass. The elements, carbon, 
ilicon are among those sometimes con- 
ceramics, and the oxide 
, and silicides are usually classed as 
The refractory hydrides, sulfides, 
well as some other high tempera- 
ture compounds, have also been included. Table I 
lists some of these materials and their properties 
The densities given in Table I are theoretical 
Some of the materials can be fabricated to very 
nearly theoretical densities, and most can be made 
at least 95 pet of those values. The melting points for 
listed are not necessarily indicative of 


boron, and 
sidered a carbides, 
nitrides, boride 
ceramic material 


and selenide as 


the material 
their usefulness at high temperatures 
strength, become plastic, react with their environ- 
ment, or are unstable at temperatures much lower 


Some lose 


J. R. JOHNSON, formerly with the Oak Ridge National Labora 
tory at Oak Ridge, Tenn, is now with the Central Research Dept. of 
Minnesota Mining & Mfg Co, St. Paul, Minn 
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than their melting points. A more characteristic 
value is the upper service temperature which de- 
pends on conditions of use 

The thermal conductivities of ceramics decrease 
with increasing temperature, often more so than 
metals. The conductivity of BeO, for example, 
changes by a factor of 10 between 20° and 1000°C 
Changes by factors of two to five in this temperature 
range are not unusual, Nevertheless, many ceramics 
have higher thermal conductivities at 1000°C than 
alloys, such as stainless steels 

While the tensile strengths of ceramic materials 
are relatively low at lower temperatures, they are 
maintained in useful values at high temperatures 
A number of ceramics, such as graphite, SiC, and 
some oxides, increase in strength with increasing 
temperatures, Because they are brittle, these mate- 
rials fail in tension, with fractures originating at ex- 
ternal or internal surfaces. Thus, they are sensitive 
to surface defects, flaws, and microstresses 

In ceramics there are often two or more kinds of 
atoms, each of which contributes to the structure 
and whose positions have identity. Slip in one di- 
rection may be possible, but this is not generally the 
case. Disturbance beyond the elastic limit does not 
result in yielding but rather in a rapidly propagated 
and usually complete fracture 


Fig. |—Effect of neutron irradiation on the density of diamond.” 


In metal structures, the systems often involve the 
closest packing of spheres so that cubic or hexagonal 
lattices are common. Ceramics, on the other hand, 
have structures scattered through all the possible 
systems, and they are often complex. MgO is face- 
centered-cubic, for example, while orthoclase feld- 
spar (K,O-ALO,-6SiO.) is monoclinic, and kaolinite 
(ALO,-2SiO,-2H.O) is made up of alternate layers 
of pseudo-hexagonal octahedra and tetrahedra 

Although the atomic bonds are fundamental to the 
properties of ceramics, the finished ceramic material 
may be composed of grains which are sintered to- 
gether or which are bonded with a glass or metal 
filling their interstices. In this case, interfacial ten- 
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sions, degree of solid solubility, wettability, mechan- 
ical interlocking, and in general, 
will influence or control many of the physical and 
chemical propertie 

Of particular interest is the resistance of the 
brittle materials to thermal shock and cycling In 
temperature changes may 


urface phenomena, 


some reactor application 
be rapid enough to impose severe thermal stresses, 
and it has been shown that repeated shock may 
eventually cause failure. Some cermets have been 
developed which are quite resistant to such treat- 
ment, but in general, the problem is best treated by 
proper design and engineering 


Engineering and Fabrication 
Much of the practice in the fabrication and as- 
sembly of ceramic units and systems 
mall, is highly developed and compares favorably 
with the development of the engineering of metallic 
materials. The refractory linings of blast furnaces 
melting tank 


large and 


and glass , the corrosion resistant glas 


Fig. 2—Lattice expansion annealing in diamond 
coatings on chemical reactors, and the complex gla 
plumbing systems in chemical plants are but a few 
examples of large units. Likewise, small intricate 
part uch as bearings in fine instruments and in- 
sulator in electronic device are fabricated of 
Many of these shapes must be made to ex- 
tremely close dimensional tolerance 

On the other hand, with the po 
graphite, ceramics by themselve 
uitable for very high temperature plumb- 
made 


ceramic 


ible exception of 
have not been de- 
veloped 
ing systems. Ceramic valves, elbow tees, etc 
of pure oxides, carbides, and 


be made, but they will not be available commercially 


ilicides may possibly 


in the foreseeable future 


Ceramics are formed by several techniques includ- 


ing pressing, extrusion lip casting, hot pressing, 
Except for hot pressed bodies, the 


heated to obtain a 


and tamping 

formed ware 1 
strong dense products. Temperature 
about 1000° to 2000°C are usually required. Machin- 
ing to very close dimensional tolerances may follow 


ubsequently 
ranging from 


if required 


Radiation Effects 
One of the requirements of ceramic materials for 
fuel element use is that they withstand nuclear par- 
ticle bombardment under service conditions. While 
ibjected to fission frag- 
tudies of neutron 


few data exist for cerami 
ment damage, there are numerou 


In addition, there is some information on 
to retain fission products at 


damage 
the ability of cerami« 
high temperatures 
Temporary or permanent damage to reactor mate- 
as a result of fission fragments, fast 
, and to a lesser extent, y rays and 


rials may occu! 
and slow neutron 
8 particles tunneling through crystal lattices at high 
velocity. Dislocations and excitations result, which 
affect the properties of the material. Disruption of 
lattices is accompanied by healing, which is depend- 
ent on diffusion rates, the compactness of the atomic 
tructure, the nature of the crystal system, and the 
bonds involved. In general, it is expected that heal- 
at low temperatures would be much 
but that at higher tempera- 


ing of ceramik 
less than that of metal 
tures, where ceramics are useful, healing would 
occur readily. In fact, this has been observed, as well 
as a tendency for low temperature damage to satu- 
rate at Table II shows the 
effects of neutron irradi- 
ated at temperatures less than 300°C, and Figs. 1 
and 2 show the saturation effect and the healing 
that is po ible 


some usually low level 
on a number of ceramic: 


AMMONIUM PPT UO, 
OTA AND WEIGHT CHANGE FROM UO, To Uy% 


Fig. 3—Oxidation of UO, in Air 


Some cubic latticies which are rather open, show 
dimensional changes even after 
although some weakening 


may oecur as a result of local macroscopic damage 


very little, if any 
severe radiation damage 
coupled with gross thermal stresse 

Fission product 
ment may diffuse out at high temperatures. It i: 
expected that volatile isotope uch as Xe, I, Te, Kr, 
would diffuse readily, especially along 
It has been 


andwich-type ceramic el 


generated in ceramic fuel ele- 


and othe! 
grain boundaries at high temperature 
found that dense, clad 
ment as well a taink teel clement at high 
temperatures, retain approximately 99.99 pet of the 


volatile fission product penerated, while unclad 


elements may retain only 90 to 99 pet in 24 hr test 


Materials Selection 


The selection of ceramic materials for fuel ele- 


ment valuation of all require- 


ments and an application of reasonable compromise 


requires a careful ¢ 
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The first criterion should be neutron economy. The 
materials must also have good high temperature 
trength, high thermal conductivity, good thermal 
hock resistance, and be nonporous. They should be 
resistant to radiation damage and be amenable to the 
chemical processing of spent fuel elements. Raw 
material costs and availability must next be con- 
idered. Finally, the materials must be readily fab- 
ricated into appropriate shape 

Table III shows a list of ceramic materials, which 
have thermal microscopic absorption cross section 
le than 0.5 barns, and includes fuel and fertile 
materials. These materials are potentially useful for 
high temperature reactor fuel elements 

In general, the oxides, with the exception of BeO 
have relatively low thermal conductivities so that 
their use ji omewhat limited to reactors of low 
power unless they are contained in another material 
The carbides are difficult to form to maximum den- 


ity o, they are usually porous. Relatively little i: Fig. 4—UO, grains such as these are reduced by hydrogen 


known about the fabrication of silicides, although trom UO, hydrate crystals. They have the same external shape 

If neutron economy can be relaxed, there are General observations of the properties of ceramic: 
everal cermets which are possibly useful as fuel lead to the conclusion that for high temperature 
element including Cr-AlLO,, TiC-Ni, and ZrC-Fe ervice, their use in gas cooled reactors shows most 
Of particular interest is SiC-Si, having a cross sec- promise. Inert gases, which virtually eliminate cor- 
tion of about 0.1 barn a thermal conductivity rosion problems, may be chosen. Closed cycle ga 
higher than stainle teel at 1000°C, and other de- turbine power plants, which seem ideally suited for 
irable physical properties. A very homogeneous coupling to high temperature power reactors have 
nonporous body may be fabricated been developed 

The compounds of uranium, including UO,, are At high temperatures the diffusion rates of fission 
readily oxidized, requiring that they be heated only products through any material will be sufficiently 
in inert atmosphere Thorium compounds are high that some leakage from fuel elements will 
usually le reactive in air, and ThO, is quite stable occur. By using only those materials which are ade- 


Table |. Properties of Selected Ceramic Materials 


Coefficient of 
Thermal 
Thermal Nuctear Conductivity 
Density.” Absorption Cross G-Cal per See 
Material Melting Point, G per CuaCm Section, Cm'/Cm* Cc Cm 


3.79 00101 0.0691 100°C) 
0.021;:600°C) 
01 1200°C 
2.86 0 00074 0 5001100°¢ 
0.03911200°C 
0 .082(100°C) 
O28 (600°C) 
0 0032 0.014(1200°C) 
9 6* 0.160 0.008; 600°C) 
0.0076(1200°C) 


2800'" 


1220+ 50" 
0.165 0.0181100"¢ 
0.008; 600°C) 
0.00611000°C) 
0.00571 0.004:1100°C 
0.004600 
0.004911200°C) 
0.0010 0.056(20°C)* 


2878 10 02" 


ad 2100 


0 00647 0 049: 600°C 
Recrystallized 
0.192 0.082:20°¢ 
10.0 @ per cu cm 
density 
0 0072 0.049/20°¢ 


0 0653 0.075120" to 
200°C) 
17004" O8 th 0141 
A-9.25 th 

a- high temperature 
14:0 * 20" 2.33 0.00633 0.20/(20°C)* 
1.55 0.000350 0.298:100°C 
0.154:600"¢ 
0.10511000°"¢ 
72 pet Cr 0.147 0.04(20°C)™ 


14001" 0.00659 0.5(50°C)* 
0.06:1000°C) 


700+ 100 


12001 0.311 0.080/(20°C)™ 
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quately dense to retain most of them, and by provid- 


ing traps in the power system, the activity of the Table 11. Radiation Damage to Ceramics by Neutrons® 
machinery may be kept to tolerable levels. On the 

other hand, if by suitable design and proper shield- a. —. 
ing the circulation of fission products through the Material X-Ray Diffraction Pattern K per K 
system can be accepted, as is the case in the circulat- 

ing liquid fuel reactors, then many other materials ALO A No change 

may be considered for fuel elements. Graphite con- 35 4 

taining UO, is an outstanding example 


itreous 


Bulk and Matrix Fuel and Fertile Elements 


Stabilized B Monoc! disappears, cubte re 


Only a few ceramic fuel elements have been made ZrO» SiO A 18 pct expansion, large loss of _ 
and given preliminary tests. Of these UO, and ThO a 
are examples of bulk forms, UO, of granular forms, apes ‘ po 
and Cr-Al.O, an example of ceramic matrix type oe i Sapo on and! on of crystallinit 

UO.—Rods of UO, have been made by isostatic 
pressing, then sintered in hydrogen at 1700°C, MgO A No change 

x ¢ tal broken up 

and machined to final dimensions Not only MgO + MgO MgO 
is UO, quite refractory, but also it is resistant to RaTio 
corrosion by water up to several hundred degree: net 
centigrade. Unlike the metal, it is safe to use in high on br pet ios 06 
pressure water reactors. Normally it would be metal 
jacketed, because of loss of fission products from it Pyrex : ke 08 
urface, and in high power reactors it would prob- checked surface 0.55 
ably crack as a result of thermal stresse 

The rods have densities above 95 pct of the * A~ 1x10 nvt and B= 2x10" nyt This information was taken 
ore tical In order to obtain high den itv 
there must be careful control of the starting mate- 
rial, forming method, and sintering. In general, high modification, and 3) use of dense (preferably fused) 
density UO, and ThO, may be obtained by: 1) use of grains selected in particle sizes which will pack to 
very fine grain (submicron) starting materials, 2) maximum density. All of these techniques are fol 
use of additives or atmosphere control which accel- lowed by sintering. Dense UO, rod plates, and bar 
erate sintering through defect structures and surface have been made by each of these methods, but a 


combination of 1 and 2 is probably most effective 

and most economical 

Table |. (Cont) The effect of oxidation in air and the need fo 
careful atmospheric control are shown in Fig. 3 
A fine grained UO, is first oxidized to U,O, and then 


Linear CoeMictent t ay i 
It ma be noted that is not stoichio 
Expansion of Elasticity Specific Heat metric above 500°C, as it loses oxygen gradually to 
x 10°, x 10° Psi Cal per G, 


about 1100°C and then rapidly changes back to UO 
between 1100° and 1300°C. The changes UO, + U,O 


7 08°C) UO, are accompanied by density change 
81 500"¢ 28 0.501 500"¢ specimen 
i 100°C: apucecit 0.23/20°C)* Fuel element shapes of UO, may be made in many 
forms and dimensions. A practical upper limit for 
length is about 12 in. and thickness about 3 in. A 
9: 100°C 141 1400"C lower dimensional limit would be a few mils for 
sey ie ee aero small (% in.) disks or plates and 10 to 20 mils for 
7.2(70° to 1000°C)* 6(20°C)* 0.12/(20°C)™ rod 
0.16(500°C) ThO,-Large ThO, rods can be made by a 
10 8/38" to 982°C $5(20°¢ method similar to that used for UO, rod except 
6 to 8 pct that sintering is accomplished in air at about 
to 1500°¢ 0. 14310*¢ 1800°C. The use of ThO, as a fertile material 
0.0351 100°C) hows considerable promise. It is also unreac 
tive to high temperative water. As in the case of 
6.74/24" to 500°C) UO,, its thermal conductivity is low, and with it 


Table I11. Ceramics, Having Low Thermal Absorption Cross Sections, 
Including Fuel and Fertile Materials 


20°¢ 4 14/20°¢ 4 0 
2 
1.34/25° to 1800°C)* ca 


Carbides 


Oxides Silleides 


to 800°C 
2/20°C)* 0.228 400 Be A 
0 252 700 BeO MoSi 
6. 267/1000°¢ MgO Graphite 


to 1000°C)™ ‘ 
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high modulus of elasticity and thermal expansion, it 
j ubject to failure by thermal stresses in reactors 
operating at very high power $y placing it in metal 
or graphite containers this problem may be circum- 
vented, and in metal cans fission products may be 
retained at lower temperatures. ThO, has about 78 
pet the number of thorium per cubic centimeter as 
while the comparable figure for UO, i 
51.5 pet. The chemical processing of UO, and ThO 
may be accelerated by prior crushing 

Although ThO, has the highest melting point of 
the oxides, a remarkable effect” on its sintering at 
relatively low temperatures was found by adding 
less than one weight pet CaO. This makes possible 
the sintering of bulk ThO, products in a temperature 
range used in commercial! ceramic firing 

UO, Grains—Matrix-type fuel elements requiring 
UO, grains and using various metal clads have been 
developed. In some cases large dense grains are 
needed to obtain proper fuel distribution, and in 
all cases the grains must be sufficiently strong to 
prevent excessive crushing and reaction during 
fabrication 

UO, in the form of particles of specified sizes may 
be produced by a number of methods with varying 
degrees of suitability. Agglomerates of fine UO 
powders may be made and screened to the desired 
ize. These are then sintered to improve their 
trength. Fused oxide may be crushed and sieved 
to the desired particle size. Spray dried UO, may 
be reduced to UO,, yielding particles which are near- 
ly spherical, Recently a process was developed to 
produce UO, grains (forty to several hundred mi- 
crons) from UO, hydrate crystals. The UO, hydrates 
are grown hydrothermally in an autoclave to a large 
size, and these are reduced in hydrogen to UO, at 
1700°C. The resulting particles, shown in Fig. 4, are 
urface area; they have the 
the UO,, but are about 2/3 


the metal 


dense, hard, and of low 


ame external shape a 
it 


1 inch 


= 


Fig 5—-Cr-Al.O, cermet type fuel elements have been investi 
gated tor a number of years 


For high power density 
the cermet 
While there are no cermets 
developed which are not brittle, many have im- 


Cermet Matrix Elements 
and high temperature enriched reactors, 
elements are of interest 
proved thermal shock resistance and very high 
strength. They may be fabricated as disks, tubes. 
plates and other shapes with the uranium fuel com- 
pound completely enclosed 

A SiC-Si plate sandwich makes an interesting fuel 
element. Not only are the thermal and mechanical 
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properties of SiC-Si outstanding, but also the low 
thermal cross section for neutrons offers the possi- 
bility of a fuel element for a high temperature power 
breeder reactor. 

Cr-AlLO, is a cermet which has been intensively 
developed and investigated for a number of years.” 
UO, sandwich elements made of Cr-Al,O, are shown 
in Fig. 5. While these are part of no specific reactor 
design, they demonstrate that a suitable shape can 
be made. These elements are about 0.030 in. thick 
and 1.0 in. diam. Strung on a rod with spacers, they 
would make an effective radiator to a gas coolant 
passing over them. A number of uranium-bearing 
cermets, including ZrC-Fe and MgO-Ni, have been 


made 


Conclusions 

Ceramic materials offer a possibility for service as 
high temperature reactor fuel elements. Although 
much research and development is required, there 
are a number of ceramics which now may be consid- 
ered. High temperature radiation damage studies 
are especially needed 

Ceramics seem particularly suited for use in gas- 
cycle power reactor systems, and because of the 
high plant efficiencies possible at high temperatures, 
it is particularly interesting to consider the role of 
ceramics in such systems. Some ceramics are useful 
as reactor fuel elements because they have proper- 
ties other than their refractory qualities 
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flux regions of reactors complicated by 
difficult and costly experimentation re- 
quired to determine radiation effects and 


inter-relationship of structural properties 


in irradiated metals. 


NE of several new considerations in the selection 
of structural materials for reactors Is 
the effect of nuclear radiation on the engineering 
properties of metals. Other conditions that may be 
experienced in nuclear reactors may also be new in 
election is doubly 


nuclear 


scope or magnitude, so material 
complicated since metal properties and 
ditions may both be outside the design engineer's 
experience 

The effects of radiation are reviewed generally 
and the mechanical properties of carbon and austen- 
itic stainless detail. It is 
shown that radiation affects various properties in 
different ways. The well known inter-relationship 
between properties for unirradiated metals, that en- 
ables us to judge a metal fairly well from a small 


ervice con- 


steels are discussed in 


number of mechanical tests, has not yet been deter- 
Therefore, one cannot 
irradiated 


mined for irradiated metals 
yet predict the general properties of 
metals from a few mechanical tests 
Some instances are shown in which certain metal 
either fail to meet ASME Boiler 
specifications after irradiation or undergo property 
changes that could be of significance in 
would not normally be detected 
materials testing specifications 


Code material 


ervice but 
under existing 

Some information suggests that, in carbon steels 
at least, modification of analysis or metallurgical 
practice may reduce the deleterious effects of irradi- 
ation on the ductility of carbon steel 


J. C. WILSON and D. S. BILLINGTON ore associated with the 
Solid State Div. of Oak Ridge National Laboratory, Oak Ridge, 
Tenn. The laboratory is operated by the Union Carbide Nuclear Co 
for the AEC. The paper was presented at the EJC Nuclear Congress 
in Cleveland in December 1955 


Effect of Nuclear Radiation 
On Structural Materials 


Choice of construction materials for high 


by 


J. C. Wilson 


and 


D. S. Billington 


At the present time it is believed that results have 
pointed more toward the need for cooperation be- 
tween metallurgist, designer, and solid state physi- 
cist than toward pessimism about the adverse effects 


of radiation in reactor structures 


To select structural materials for use in the high 
neutron flux regions of a nuclear reactor the engi- 
several novel criteria that are 
peculiar to nuclear react rs 


neer must consider 


1) Materials with low neutron capture cross sec- 
tions are preferred, neutron capture by 
other than the fissionable fuel or the breeding 
blanket lowers the reactor efficiency and markedly 
reduces breeding gain or conversion ratio. Low neu- 
tron cro be an inadequate 
criterion, and neutron cros: 


because 


ection per atom may 
section per unit strength, 
resistance may have to be 


or per unit corrosion 


considered 


2) 3ulk heating resulting from the attenuation 
of gamma rays in the material, gradients in the bulk 
heating, and potentially high rates of bulk heating 
can give rise to thermal stresses and higher rates of 
applications of these stresses in reactor materials 
than 


tructure 


have been commonly experienced in other 


Gamma-ray heating may exceed several 
watts per gram in high flux reactors, and reactor 
power changes by a factor of 100,000 in one second 


have been produced 


3) Materials with high thermal neutron capture 
must be where subsequent 
change the nature of the material by 


cro ection avoided 
transmutation 
transmuting a critical alloying element to anothe! 


that is not comparable 


metallurgically 


element 
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Otherwise very long exposures to high neutron 
fluxes may result in an alloy of different com position 
and properties 


4) The material must be resistant to deleterious 
radiation effects. Energetic (fast) neutrons in a re- 
actor have the ability to change the properties of a 
material by introducing vacant lattice sites, inter- 
titially placed atoms, momentary high temperature 
pikes), or by breaking chemical 
Consequently many of the important engi- 
, or behavior characteristics, may 
ome adversely 


regions (thermal 
bond 
neering propertie 


be affected 


In addition to the above requirements it should 
be recognized that several secondary problems are 
pu ed 


1) Suitable experimentation to test or to develop 

materials with characteristics that are suitable under 
reactor operating conditions is expensive, difficult, 
and time consuming. The work is hampered by the 
hortage of experimental facilities in high-flux ex- 
perimental reactors and lack of sufficient laboratory 
facilities to carry out the testing of the radioactive, 
This means that engineers must 
learn to make their decisions from a much smaller 
body of data than that to which they have been 
accustomed 


irradiated material 


2) The meaning of the same mechanical test, as 
it bears on service performance, may not be the 
ame for irradiated and unirradiated materials, be- 
cause irradiation can alter not only the measured 
values of the various mechanical properties, but also 
the familiar relationship between these properties 
and their response to small changes in testing pro- 
cedure 


3) Extreme condition of corrosion, chemical en- 
vironment, temperature, etc. may further limit the 
election of materials. 


4) Because of potential hazards to personnel and 
property, leak systems con- 
taining radioactive materials, and the possibility of 
catastrophic failure of large parts, such as pressure 
vessels, must be minimized to the vanishing point 
This requires built-in integrity and added factors of 
safety that may be difficult to reconcile with high 
performance and economic design and operation 


cannot be tolerated in 


5) Inspection and maintenance of reactor vessels 
cannot be made by conventional methods because of 
the radiation levels after operation. Either complex 
and expensive inspection means must be devised or 
a new order of ability to assure long life must be 
achieved 

The first group of requirements set out above is 
evere, but it must be obvious that at least 
one class of materials, metals, and alloys is gener- 
ally capable of meeting these requirements, because 
there are in existence a number of successfully oper- 
ating nuclear reactors. However, if our plans for 
economic nuclear power are to mature, it will be 
necessary to devote increased attention to the un- 
derstanding of metals and alloys under reactor op- 
erating conditions so that we may be able to develop 
superior materials to meet the more exacting de- 


rather 


mands of the future 

It is the purpose of this paper to discuss the radia- 
tion effects aspects of the metallic materials problem 
in nuclear reactors 
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Testing and Evaluation of Irradiated Metals 
The problems and difficulties encountered in at- 
tempting to obtain adequate information about irra- 
diated materials are many. At the outset, one is 
handicapped by not knowing what properties o1 
tests are most important or meaningful. The tests to 
be performed and the alloys to be examined must be 
carefully selected both to estimate the validity of the 
tests and to determine how typically the few pounds 
(or even ounces) of test specimens selected may 
represent all metals commercially produced to the 
same nominal specification 

The mechanism of radiation effects, while it is 
understood qualitatively, has not lent itself to de- 
tailed quantitative treatment.’ * Vacancies, interstitial 
atoms, and probably some form of localized lattice 
heating are causing the property changes, but it is 
not known what defects, or what agglomerations of 
defects, are causing the different property changes 
As yet sufficient details are not known on the effect 
of temperature on the stability or the state of the 
defects 

Understanding of radiation effects is hampered by 
the unhappy state of knowledge of the solid state in 
the absence of radiation, and ignorance is particu- 
larly great where structure sensitive properties are 
concerned. Fortunately, the rate of progress during 
the last few years bodes well for the future. In 
spite of these difficulties, a number of patient inves- 
tigators have collected much useful information over 
the last several years 


Types of Experiments: [Irradiation experiments 
may be of two types: in-pile, where the important 
measurements are made in the reactor during actual 
irradiation, and pre-post, in which all measurements 
are made outside the reactor before and after irradi- 
ation. Dynamic properties such as creep and fatigue 
should be determined by in-pile experiments. In- 
pile experimentation is both difficult and expensive 
Drastic miniaturization of test specimens and ap- 
paratus is usually required; instrumentation and 
transducers tend to be more subject to radiation 
damage than the metallic test specimens; gamma ray 
heating in high flux reactors increases the difficulty 
of operating isothermal tests; and the number of 
tests is severely limited by space in the high flux 
reactors 

Pre-post experiments are simpler, but gradients 
in both the gamma ray heating and the neutron flux 
make it difficult to carry out isothermal, equal flux 
irradiations on more than a handful of specimens at 
any one time. In addition, they tend to become ex- 
cessively complicated if exposure to specific environ- 
ments is required during irradiation 

The work of post-irradiation testing of most Ir- 
radiated metals must be done in a shielded en- 
closure, variously referred to as a cave, hot-cell, o1 
simply cell. Many testing operations may be carried 
out in cells at very nearly the same rate as outside, 
but such preliminary tasks as removing specimens 
from the apparatus in which they were irradiated, or 
the placing together and measuring the elongation 
on a broken tensile specimen may take inordinate 
numbers of man or cell hours. The solution appears 
to be better design and more complete remote and 
automatic controls for testing machines and thei: 
auxiliaries 


Experimental Variables: Neutron Flux: In addi- 
tion to the usual variables that must be controlled in 


any metallurgical experiment, testing under irradia- 
tion requires measurement and control of neutron 
flux. The neutron flux (neutrons per sq cm per sec) 
gives the rate of bombardment with neutrons, and 
the (time) integrated neutron flux or integrated flux 
is the product of the neutron flux and the length of 
irradiation. The integrated flux thus represents the 
amount of bombardment by neutrons in neutrons 
per sq cm (or the conventional symbol nvt) 

tadiation effects may depend on either or both the 
flux and the integrated flux. Two specimens irradiat- 
ed to the same nvt (integrated flux), one by a low- 
flux, long-time irradiation, the other by a short-time, 
high-flux exposure, may not be in the same state 
This fact reduces the opportunities for extrapola- 
tion of data, and possibly decreases the validity of 
accelerating tests by employing fluxes substantially 
greater than may be encountered in service 

The energy of the neutrons whose numbers are 
given by the flux is important; except for trans- 
mutations, it is believed that all the radiation effect; 
in metals are caused by relatively high energy, o1 
fast, neutrons. The usual convention is to call neu- 
trons with energies greater than 1 mev fast neu- 
trons. The convention is not universally accepted, 
and because determination of fast neutron flux is at 
present a rather involved process, fast flux values in 
the literature may not be reliable 

The range of fast neutron fluxes in experimental 
ranges from about 10” to 10° neutrons per 
sq cm per sec at present, and fluxes in excess of 10 
are not unforeseen in powe! When one 
considers that a power reactor may be required to 


reactor 
reactol 


operate ten years or more, and that it demands a 
great deal of patience and money to sit out a one- 
year-long experimental irradiation, it may be seen 
that the gap between experimental and service ex- 
posures may be a factor of 100 to 1000 in integrated 
flux. The great bulk of the data today is for ex- 
posures between 10” and 10” nvt 


Experimental Variables: Temperature of Irradia- 
tion: Particular attention is called to the tempera- 
ture of irradiation as an experimental variable. Thus 
far a great deal of the data on irradiated metals has 
been obtained from experiments irradiated near 
room temperature or other convenient temperatures 
that usually do not coincide with projected reactor 
operation. That temperature of irradiation could in- 
fluence results had long been expected, but only 
recently has it been demonstrated that irradiation 
temperature can be so important. First, since many 
radiation effects can be annealed by time and tem- 
perature, it would be expected that the higher the 


irradiation temperature the less would be the effects 


of irradiation. This has been found true. But, diffu- 


sion-dependent metallurgical reactions that are ac- 
celerated by irradiation have been found to depend 
on the temperature of irradiation. For instance, al- 
though accelerated aging in solution-quenched, pre- 
cipitation-hardenable copper-beryllium alloys may 
be easily observed during irradiation at 80°F,’ the 
effect cannot be observed at a much lower irradia- 
tion temperature. Thus, the irradiation at a low 
temperature may cause a large number of lattice 
defects to be retained unannealed and influence but 
little the metallurgical changes, while irradiation at 
a higher temperature may be sufficient to anneal 
lattice defects but speed metallurgical change 
From the foregoing considerations and data to be 
presented below it is plain that future material 
irradiations must be carried out over the range of 
service temperatures, although, as has been pointed 
out, this may be difficult to do without reducing the 


number of specimens that can be irradiated 


Physical Properties 


Except for electrical resistivity, few of the physi- 
cal properties of metals have been measured afte 
Electrical resistivity measurements 


under cyclotron and reactor irradia- 


long irradiation 
on pure metal 
tion are numerous, because there has been much in- 
terest in fundamental studies of the behavior of 
defects that contribute to the residual resistance of 
metals at low temperature Although large change 
in residual resistance have been measured at low 
temperatures, the resistance changes in metals at 
room temperature and above have generally been 
only a few percent 

Only one measurement of thermal conductivity 
under irradiation has been reported: the conductivity 
of nickel at 1470°F which wa 
change.” Because of the parallel behavior of electri- 
cal and thermal conductivity at reactor temperature 
in metals, the electrical resistivity data indicate: 
that substantial changes in thermal conductivity will 
that cause 


observed not to 


The radiation induced defect 
in electrical resistivity tend to anneal at 
that cause 


not result 
the change 
much lower temperatures than the defect 
in the mechanical properties. To anneal the 
defects causing the yield point elevation in coppe! 
requires about 570°F 
electrical resistivity effect 
temperature 

Recent experiment 
of less than 10 
cent in Young's modulu 
served that there was a very marked decrease in 
Db O believes that 
pinning down dislocations orig 


change 


but annealing of most of the 
occurs much below room 
have shown that irradiation 
nvt can cause changes of several pet 

of copper It was also ob 
damping capacity Thompson 
this is due to defect 
inally present in the material 


Keockwell Vield 
Hardness No 


Pre Post Pre 


28H14 aluminur aF 18.000 
2580) alur nur 7,000 
High purit 18.000 
Nor slized carbon steel 0,000 
Hardened and tempered 

1,000 


17,000 


Table |. Pre and Postirradiation Values of Hardness, and Yield and Tensile Strength of Various Alloys” 


Strength, Pasi 


Hatio of Vield 
Strength 
Tensile Strength 


Tensile 
Strength, Pei 


Ire 


Post 


Post re 


23,000 20 000 27.000 og 4 
17,000 17,400 26,000 
41,000 16,000 17,000 
94,000 75,000 97,000 O67 
196,000 164,000 198,000 09% ow 
97,000 96.000 000 
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Density and dimensional have been 
ought in a number of irradiated materials. As a 


changes 
observed in metals have been so 
to approach the experimental error of the 
determinations in the pure metals and simpler al- 
loy Density reported for 
tainle tee! 


rule, any change 
mall a 
decreases have been 
by a number of source the change 
More substantial 
changes have been observed in materials 
with other than metallic binding. Density change: 
of several pct may be caused by irradiation of dia- 
been ob- 


have been on the order of 0.1 pet 
density 


and a 0.3 pet density decrease ha 
expansion of es- 
metallic matrix 


mond 
erved in titanium carbide Thi 

entially nonmetallic phases in the 
of an alloy } ible cause of secondary radiation 
effect because a highly stre 
of an alloy could result from the expansion of a dis- 


a“ po 
ed or strained region 
perse phase 

There has been no indication to date that any of 
the physical properties of metals tested will experi- 
after irradiation. It is only the 
damping capacity that has showed large decreases 
ingle crystals), but the engineering sig- 
would not be great except in very 

In addition, it is far from certain 
that engineering materials, in which the damping 
very much less than in annealed copper to 


ence serious change 
(in copper 
nificance of thi 
pecial instances 


capacity 
begin with, will experience changes as large as were 
observed in copper 


Mechanical Properties 
Irradiation induced mechanical property changes 
ubstantial and possibly of sufficient magni- 
election and design 


can be 
tude to influence materials 


NORMA TIN ree 
RRADIATE 
Tet 
NORMAL 
ARBON Et 
EN 
AINLE 
JNIFRADIATETL 
NIRPRADIATE 
RRADIATET 


HIGH PURITY IRON 
- 
NIRRADIATE 
5 4 5 4 


EXTENSION % 


Fig. |-—Comparison of characteristic conventional stress 
strain curves for irradiated and unirradiated alloys is shown 
1) Behavior of austenitic stainless steels: note dependence 
of yield stress and shape of curve on strain rate. Similar 
yield point behavior has been observed in 2S aluminum,” 
nickel,’ and high purity iron.” 2) Behavior of 
note elimination of pronounced 


copper, 
normalized carbon steel 


yield point; ond curve shape for irradiated steel is similar to 
irradiated metals in No. | 
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First, the radiation effects on the individual proper- 
ties will be described in a general way and late: 
certain types of alloys will be considered separately 

Strength and Hardness: Increased strength and 
almost resuit from neutron 
irradiation of metals if the temperature of irradia- 
o high that the radiation induced 
Generally, annealing of the 
ubstantially below 
engineering 


hardne invariably 
tion or test is not 
defects are annealed 
radiation effects in metals occurs 
the recrystallization temperature in 
alloy 

Starting with a given base metal, it may be hard- 
ened or strengthened by alloying, metallurgical 
treatments, or deformation Experience shows 
where the limits of strengthening by these 
means will lie. Irradiation will, in general, be able 
to add strength to metals in almost any condition. 
but like most strengthening mechanisms in metals, 
ofter starting ma- 


Various 


the action is more potent in the 
terials. Also it does not appear that irradiation can 
cause much greater strength than can be achieved 
by other means except in an alloy where the poten- 
tial of increased strength by working cannot be 
realized because of lack of ductility. In this case 
irradiation may be able to harden to a greater extent 
than other means commonly at our disposal 

The extent of hardness and strength increases in a 
number of metals is shown in Table I. It will be 
noted that the yield stress is generally elevated to a 
greater extent than the tensile strength, and this 
causes the yield and ultimate strength to approach 
very closely. Obviously, then, the rate of work hard- 
ening between yield and ultimate must be very low 
or the plastic extension prior to necking will be 
very small 

The manner in which plastic deformation begins 
in irradiated metals is unusual in many cases. Mild 
steels that characteristically show a yield point at 
the onset of plastic deformation do not generally 
show a yield point after irradiation Instead, con- 
tinuous yielding is followed by a region of low 
work-hardening, a point of inflection, and an in- 
crease in hardening followed by the usual decrease 
in work hardening up to the maximum load. On 
the other hand, the face-centered cubic metals ac- 
quire a yield point after irradiation if the strain rate 
is sufficiently high; at lower strain rates the stress 
strain curve assumes the same shape as that for 
irradiated mild steels Fig. 1 shows this behavior 
graphically. To date these 
have been observed in austenitic 
25 aluminum,” nickel” and copper.” For the austenitic 
stainless steels at least it has been shown that the 
yield stress is strongly strain rate dependent,” al- 
though this is not the case in unirradiated alloys 
of this type 

Because the manner in which plastic deformation 


yield point phenomena 
stainless steels, 


unusual in many of the face-centered-cubi 
trong 
in metals that nor- 


begins 
metals, and because there is a train-rate 
dependence of the yield stre 
mally do not have such properties, the designer and 
the metallurgist should re-examine their conven- 
tional mechanical tests in terms of expected service 
conditions. In a structure in which any relief of an 
overstress by plastic deformation is required, the 
irradiated metal, because of its higher yield stre 

may not deform but may be stressed to a higher 
that could 


Jecause 


level and acquire additional strain energy 
be released at an inopportune moment 
there are frequently steep flux gradients in and nea 


the extent of hardening by radiation may 
From this arises the 


reactor 
vary greatly in short distance 
possibility that an overstress in one part of the sys- 
tem may be transferred to another unexpected re- 
gion because of the different properties that the 
irradiated metals have acquired, although they may 
be physically very close together and in the same 
state before irradiation 


Ductility and Toughness: The reduction of area 
and the elongation measured from tensile test speci- 
mens is usually reduced in irradiated metals. In 
some pure metals and in a few other age-hardenable 
or cold-worked alloys, irradiation may actually in- 

While the ductility figures 
are probably not as important 


crease the elongation 
from the tension test 
as the ones determined by notch-bar impact testing, 
they nevertheless give some indication of the ability 
of a metal to withstand a reasonable amount of 
plastic Metals with 
low initial ductility seem to suffer greater reductions 
in ductility than materials of generally high duc- 
tility. Increased ductility, after irradiation, has been 
noted in two cold-worked aluminum alloys (A54S 
and 52SH34)”" and in two age-hardenable nickel 
(Hastelloy C and K Monel) 


deformation before fracture 


alloys irradiated at 


540 F. 


Table Pre and Post-Irradiation Ductility Values of Various Alloys” 


Elongation 

up te Conventional 
Maximum Elenga 
Load, Pet tion, Pet 


Reduc 
tien of 
Area, Pet 


Pre Post Pre Post Pre Post 


280) aluminun 
2SH14 
Nort 
teel 
Auster 
tee 
QMV t 
i 


Moly bde 


wer 


Normalized carbon steels of the type used for 
pressure vessel construction suffer serious ductility 
loss after irradiation. In molybdenum alloys the same 
effect ha but high-purity iron loses 
little ductility after irradiation 

The austenitic stainle steels, the tougher nickel 
base alloys, and a number of nonage-hardenable 
aluminum alloys seem to lose very little ductility in 
irradiation, but there are examples of aluminum 
base (356)” and nickel base (K Monel) alloys 
rather low in initial ductility, that have lost substan- 
tial amounts of ductility. Table II shows typical 
ductility values for a number of metal 

In considering the reduced ductility of the more 


been ob | ved, 


ductile metals, it must be remembered that simul- 
taneously an increase in yield and ultimate strength 
accompanies the loss in ductility in the irradiated 
metal If two reasonably ductile annealed metal 
are brought to the same yield stress level, one by 
cold work, the other by irradiation, it will usually 
be found that the elongation and reduction of area 
are greater for the irradiated metal, but the ultimate 
trength of the cold worked metal may be greater 
or less than the irradiated metal 


Creep: The effect of radiation on creep has been 
reported recently both under neutron and heavy, 
charged-particle irradiation. The work on coppet 
and aluminum” in the cyclotron has been at rather 
high strain rates to be considered of technological 
importance, but the work on aluminum” was at 
rates of more general interest. Of these experiment 
none showed any substantial effect of radiation; so, 
the results are essentially negative, but, nonethele 
important. Some unpublished work done on au 
tenitic stainless steel at Oak Ridge” has shown that 
the radiation effects are a function of temperature 
(and presumably of the stre level or creep rate) 
Decreased creep rates (by a factor of two) were 
noted at 1200 F 
temperatures (with the same stre and thus a 
higher creep rate) irradiation caused a lesser reduc- 
tion in creep rate, Slight increases in creep rate have 
been observed at 1500° F. Because there are so many 
affecting creep, and because the sign of 


irradiation, but at higher 


variable 
the effect 
der various conditions, it is not po 
more than to say that no 


of a given variable may be different un- 
ible to generalize 
on creep result eriou 
deleterious effects of radiation have thus far been 
observed 

Siegel and Billington” ran some 
on a few alloy ome years ago In 


simple stress 
relaxation test 
these tests, conducted at high stresse 
peratures, it was observed that radiation increased 
the rate of stre: Almost certainly the 
presence of the defects that cause increased yield 
trength should slow lowel 
where deformation takes place in a 


and low tem 
relaxation 
and tensile creep at 
temperature 
imilar manner to low temperature plastic deforma- 
tion. The effect of thermal spikes might, howeve1 
be able to speed the deformation process by activat 
ing atoms in highly stressed (on an atom cale) 
regions of a metal 

One f. r that has been examined only super- 
ficially is the effect of radiation on the ductility in 
creep, or the time for fracture, or perhaps the time 
at which third stage creep begin Even if the pre 
ponderance of data should show that the creep rate 
is unaffected or reduced by irradiation at tempera 
tures at which some measurable radiation effect 
were manifested in lowered ductility or increased 
trength, it appears prudent to determine whethe1 
irradiation might not shorten the useful creep life 
of a structure by so reducing the ductility that frac 
ture would take place prematurely 


Radiation Effects in Specific Groups of Materials 


Austenitic Stainless Steels: The austenitic stain 
le tee! have many out tanding properth that 
Superticialls 
reduced their 


have made them so popular irradia 
tion does not seem to have greatly 
utility for nuclear reactor service, The question } 
‘Have we run the proper tests to determine thei 


fitne under these unusual condition Some of 
the characteristic of the mechanical behavior of 
these steels after known The 


yield stre may increase by a factor of three, the 


irradiation are 


ultimate stress by 25 pet, and the uniform elonga 
tion may be reduced by one half. The reduction of 
little as two and a 
train curve 1s not 


area is decreased a much a 


20 pet. The area under the stre 
greatly affected. In addition, the yield stre be 


comes strongly strain rate dependent, and a five fold 


increase in the strain rate elevate the vield stre 


at least 5 pet after 10° nvt. At 10” nvt the percent- 
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Fig. 2—-Effect of irradiation on notch-impact properties of a normalized ASTM A-212 grade B steel. Subsize 0.2 in. square Izod 
Specimens were used. Note that irradiation induced shift in curves to higher temperatures is greater at lower energy levels 


age increase is slightly greater, but because the yield 

tre is almost twice as great for the higher irradia- 
tion, the difference in stress is greater. Exposure to 
10” nvt increases the hardness substantially above 
the maximum limit allowed in a typical ASTM 
pecification (ASTM A-240). Also Reynolds” ha 
hown that radiation slightly increases the ferrite 
content of type 347 stainle tee] 

Essential information that is not known include 
the following: What is the effect of irradiation tem- 
perature on the annealing of damage, the rate of 
ferrite formation, and the tendency to form o« or 
precipitate carbides; why do the ductility properties 
vary so greatly (compared to strength changes) in 
different steels as a function of irradiation: what 
will be the effect of test (or service) temperature 
on the properties that have, to date, been deter 
mined only at room temperature; what will be the 
effects of manganese and chromium depletion and 
vanadium buildup from transmutations”? 

Because material pecifications are generally 
founded on a le than scientific basis it is not certain 
that even if a steel were developed that was able to 
meet all the specification tests in the irradiated con- 
dition that it would perform as well in pressure 
vessel service as the unirradiated steel 

The ASME Boiler Codematerials specifications 
show that irradiated stainless steels have propertie 
that may not pass the specifications test or that could 
lead to variable results when tested within the limits 
pecified. It appears possible that some of the irradi- 
ated metals may not be able to show the minimum 
elongation required, The limits on testing speed for 
tensile and bend tests are rather broad, and speed 
definitely affects the yield stress in the irradiated 
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steels. Speed effects on the ductility of unirradiated 
steels are also well known; it is not known how 
irradiation may complicate this already complex 
subject. The purpose of this example has been to 
demonstrate the fact that the Boiler Code material 
specifications, a well considered and practical work 
(which was never intended to be used for irradiated 
materials) that serves industry so well may not be 
a reliable guide to the selection of materials for re- 
actor service at high fluxes, although it is the best 
categorized and codified guide 

To evaluate a stainless steel for reactor service it 
is obvious that more test data will be required. Thi: 
data and the design characteristics of the reactor 
structure will then have to be compared to see 
whether the conditions to be met in service, the 
range of variable of stress, strain, and temperature 
and their time rates of change, have been sufficiently 
well covered by the testing program. From the 
meager data at hand, it appears that consideration 
must be given to two of the more obvious phenom- 
ena that arise in irradiated metals that are not char- 
acteristic of unirradiated metals. One, because speed 
effects appear pronounced in the irradiated material, 
and because high rates of stressing are sometimes 
achieved in reactors, the range of speeds of stressing 
or straining in reactor operations must be carefully 
estimated, and the metallurgist must key his test to 
conditions that represent the extremes of the vari- 
ables the designer can predict for service. And, two 
the temperature of irradiation and test should be 
near the expected service temperature because there 
are several possible metallurgical reactions that 
radiation may affect in addition to its influence on 
the annealing of defects 


a 
80 —— -— 4 —_____ | 
60 
| 
— 
-50 50 100 200 


Carbon Steels: The general effects of irradiation 
of normalized carbon steels. such a might be used 
el materials, are shown in Table III, 
where the properties of an A-212 Grade B steel are 
After 10” nvt it will be noted that the 

the specification values for maximum 
strength, and in all probability the elonga- 
tion fall hort of the specification value. If the 
radiation effects are judged from the notch-impact 
properties, a shift in fracture transition temperature 
of over 100°F is observed after 10° nvt, Fig. 2 If 
the shift in the curves is measured at some arbitrary 


for pressure ve 


compared 
teel exceed 


tensile 


low energy level, a more realistic approach in the 
light of current thinking on unirradiated metals, the 
pread (in considerably 
greater than for the fracture transition temperature 

The effect of temperature of irradiation on the 
not well known. It has been shown 
that higher irradiation temperatures, on the order of 
570 °F, result in lower yield stress elevations than 
if the irradiations are carried out below 200°F.” but 
imultaneously the tensile strength was found less 
sensitive to irradiation temperature. Indeed, there 
is some evidence that the higher irradiation tem- 
tensile strength (and 


temperature) become; 


carbon steels i 


perature produced a higher: 
lower elongation and reduction of area) than a low- 
er temperature irradiation Sutton and 
howed that irradiation at 425°F 
causing an equal or greater shift in transition tem- 
perature than irradiation at 580°F. The effect on 
the yield stre 
has been shown by Kunz and Holden 
to be fairly simple 


Leese! 
was capable of 


of iron of annealing after irradiation 
and the proc- 


appeal 


Experience with notch impact tests on high pur- 
ity Iron and a number of steels at Oak Ridge Na- 
indicated that the effects of 
irradiation on the impact properties vary greatly 
High purity iron and quality steels, such as A-212 
and A-106, appear to be less affected than steels of 
lower sulfur and phosphorus 
content The differences are noted both in the 
hift of the fracture transition tempera- 
ture and in the reduced energy required for fracture 


tional Laboratory ha 


quality and higher 


mount of 


above the transition temperature 

From the foregoing remarks, it may be seen that 
the radiation effects in carbon steels are dependent 
on a number of Known and probably unknown fac- 
tor It appears possible to irradiate a steel (A-212 
for instance) only sufficiently to keep the propertie 
within the ASME Boiler Code material 


tions and yet have the impact propertie 


pecifica- 
shifted to 
an extent that may endanger service performance 
Since the boiler code does not call for impact test 
for vessels to be operated above —20°F, it appear 

uch tests for irradiated metal 

because of the changes in relationships between the 
properties that irradiation is 
Also it is a matter of conjecture 
a given impact value at the 


prudent to require 
various mechanical 
capable of causing 

whether: ame tempera- 
imilar steels, one irradiated, one not 


ame assurance of protection from brittle 


ture for two 
rive the 


ervice for both 


The tentative observations that 
trongly influences the impact behavior of irradiated 
ome hope that improved resistance to 


composition 


teels give 
radiation effects can be achieved by va- 


teelmaking practice 


deleteriou 


riations in alloying and 


Because much of the notch impact data on irradi- 
been obtained from subsize speci- 


uted metal ha 


men and because standard impact data for irradi- 
ated metals could not be quantitatively interpreted 
if it were available, the data so far obtained can 
ignificance of the radia- 


there ap- 


only serve as guide to the 
tion effects. If the effects are 
pears to be hope of mitigating the effects by the de- 
ervice temperature 


really bad 
sign of alloys or selection of 
At the moment what i 
of the relationship between test and service pet 
formance for carbon steels. With this as a basis it 
might be po ible to plan adequate tests for unirra 
diated material In the interim, Charpy V-notch 
appear to be the most fruitful 

belhheved that the effect of 
hould be investigated for the 
hould be obvious by now, 


most needed is a clear idea 


and drop weight’ test 
tests. In addition, it 1 
peed of deformation 
irradiated metals, and, a 
irradiation and testing neat 
should be mandatory 

The use of some of the newer high strength steel 
for reactor vessels is attractive in many way A 
reduction in wall thickness may be achieved that kb 
from the in 
alone, because of the marked 


ervice temperature 


greater than would be anticipated 


creased working stre 
esses brought 


reduction in tangential thermal st 
about by the thinner wall. Anothe 


made in reducing or eliminating the thermal 


gain may be 
hield 
and reducing in the poisons in the reactor, especial 
lv in the case of a converter or breeder where the 
However 


neutron economy ts of such great concern 


ince code decisions on some of the newer material 
pending, their usefulne is not yet 
The effects of radiation, also, must 
howed that the 


increased only 


are recent ol! 
well established 
be studied 
hardne of the 
lightly by irradiation, but in a quenched and tem 
trength steel it has been observed that 
tress and ultimate stre of 20 pet are 
high strength levels, although the 
uffers appreciably. The yield and 
often will be within | pet of each 


Leeser and Sutton 


hardet tee! 


pered high 
yield Increase 
common at very 
tensile ductility 
ultimate stre 


Effect of Irradiation on Mechanical Properties of ASTM 
A212 Grade B Carbon Silicon Steel 


Table 


Vield Tensile Keduction Elongation 
Strength Strength of Vet 
rel Nrea, Pet to Necking 
10,000 75.000 “4 22 
Irt nvt 
| liated 1 
70°F 7.000 84 006 i2 
Irradiated 10 t 
t175°F 04 000 97 ‘ 


everal metal 
that may 


Other Metals of Interest: There are 


of particular interest to reactor designer 


become important. Beryllium, titanium and zirco 


nium alloys have certain properties that are unique 
but all three of these materials are 
with a hexagonal-close-packed 
data scanty, but also the in 


normally used 
tructure Not only 
are radiation effect 
tegrity of these materials as structural component 


in large sections has yet to be evaluated for metal 
with the he 


Seryilium, although it can 


xavonal close put ked tructure 

carcely be considered 
as a structural metal, is an excellent moderator and 
thus may be required to operate in the highest flux 
The thermal stresses may be of 


plasticity in 


regions of a reactol 


ufficient magnitude to require some 
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this metal of low ductility. The yield strength of 
beryllium after an irradiation in excess of 10” nvt 
(fast)” has been known to increase from 24,000 to 
90,000 psi, and the tensile strength increased from 
$5,000 psi to the same value as the irradiated yield 
tre The elongation, initially 1.4 pet, decreased to 
0.2 pet 

The high corrosion resistance of titanium has sug- 
gested its use in reactor, although the cross section 
is rather high. Notch impact test 
metal or the alloy Ti-75A after an irradiation of 
about 10° nvt™ have disclosed no deleterious radia- 
tion effect 

Zirconium alloy 
rosion resistance and low neutron cro 
being actively developed by Westinghouse” 
Insufficient data are 


on iodide process 


combining potentially good cor- 
section, are 
specifi- 
cally for nuclear reactor use 
available to asse the notch-impact properties of 
the irradiated metal after 10” nvt The yield and 
tensile strengths are appreciably elevated by irradi- 
ation 

Bruch and others” have shown how the transition 
temperature of molybdenum (in tension) is elevated 
by neutron irradiation in a manner analogous to the 
Judging from the behavior of the 
carbon steels it does not seem unlikely that proper 
composition or metallurgical practice could improve 
the resistance to radiation effects 


carbon steel 


Summary 


The properties of engineering interest in a wide 
variety of materials have been reviewed as they are 
known to be affected by irradiation. In addition, 
ome of the possible implications of the property 
changes have been pointed out, and logical paths 
for future research have been deduced from the 
limited data at hand 

Comparing what is known and what should be 
known, new emphasis on the following three prin- 
ciples appears to be required for judging the im- 
portance of radiation effects 


should be re-examined to see if they 
to conditions that are new in scope 


1) Tests 
ubject metal 
or magnitude because of the unique conditions that 
may exist in nuclear reactors 


2) The irradiation and test temperatures should 
be close to service temperatures 


4) Added emphasis should be given to solid state, 
metallurgical, and mechanics research to aid in ex- 
tending or extrapolating data to conditions of neu- 
tron exposure that do not appear to be attainable in 
sufficient time to give all the necessary data to the 
reactor designer 


Conclusions 


Attempting to predict the effects of radiation on a 
metal is difficult, while changes from a few percent to 
perhaps a factor of three may occur in the various 
properties, it has, in many cases, been observed that 
the magnitude and direction of the change in these 


properties occur separately or independently in a 


manner that is new compared to the way the prop- 
erties may be changed by variations in analysis, met- 
allurgical practice, working or heat treating. Adverse 
(or beneficial) changes in the properties of structural 
metals brought about by irradiation generally do not 
appear large or significant for any one property. It 
is rather the combination of new and different val- 


672—JOURNAL OF METALS, MAY 1956 


ues for the various properties that makes one hesi- 
tate to approve a given metal for reactor applica- 
tions. It is believed that radiation effects in metals 
have the potential of making some metals unsuitable 
for reactor service, although they may be suitable 
in the absence of irradiation. To determine whether 
this potential will be realized is extremely important 
and exceedingly costly. The answers are important 
to the builder, the operator, and the insurer of a 
nuclear reactor 

It has not been the intent of the authors to be 
overly pessimistic about the effects of radiation on 
metals. The desire has been to show that there are 
till many materials problems remaining to be an- 
swered before the reactor designer can proceed with 
complete confidence in the reliability of many of our 
commonly used metals and alloys. Present experi- 
ence seems to indicate the desirability of research 
leading to development of metals and alloys with 
properties particularly suited for reactor use. It 
should be re-emphasized that neutron irradiation 
effects are unique in that they cannot be duplicated 
by any other presently known techniques, such as 
cold working, heat treatment, or alloying, for ma- 
nipulating the properties of metals and alloys 

It is believed that the job can be accomplished in 
time to assure satisfactory service if there Is no 
failure on the part of the reactor designer, metal- 
lurgist, or solid-state physicist to cooperate fully 
in presenting and understanding each others view- 
point throughout the research and testing programs. 
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RECIPITATION in alloys is undoubtedly one of 
the most essential phase transformations in met- 
allurgy and, besides, it is a phenomenon of great 
interest to physicists. It seems then that it can be 
chosen as a topic for an Annual IMD Lecture. Of 
course, the subject is a very wide one and I shall 
discuss here only a very restricted part of it. I 
should like to show why it is now considered that 
there is, at the beginning of the process, a stage dis- 
tinct from the real precipitation, which is the pre- 
precipitation. We shall be chiefly interested in the 
atomic structure of the metal in this preprecipi- 
tation stage 

Numerous reviews on this subject have 
published recently The latest was given by H. K 
Hardy’ at the last meeting of the Institute of Metals 
in London. One of the most complete articles has 
been written by the late Dr. Geisler.’ I should like, 
at the beginning of this lecture, to pay a tribute to 
the memory of our friend Arthur Geisler. Some of 
the ideas which will be developed here are different 
from those advocated by him But everybody 
knows the considerable progress in experiment and 
in theory which we owe to him and, personally, | 
deeply feel how fruitful have been the long discus- 
sions which we have had during many years 


been 


Experimental Basis of the Precipitation Problems 

Let us recall the essential facts pertaining to the 
problem of the precipitation. The starting point and 
the final one are well known. The initial stage is the 
supersaturated solid solution before quenching 
The dissolved atoms replace some of the atoms of 
the solvent at the points of a definite lattice. It is 
that the distribution of the 
completely random, and that the lattice 
relatively weak. These assumptions 
It has now been proven 
have a 
nuclei 
than 


generally considered 
atoms 1s 
distortions are 
are only an approximation 
that, in some dissolved atoms 
tendency to form very small 


These fluctuations of composition are greate: 


cases, the 


segregate to 
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HOMOGENEOUS AGE HARDENED ALLOY 
SOLID SOLUTION AT LOW TEMPERATURE 


ANNEALED ALLOY AT JEPLETED MATRIX WITH 
MEDIUM TEMPERATURE ARGE PRECIPITATES 
ALLOY AT HIGH 
TEMPERATURE 
(EQUILIBRIUM STATE) 


Fig. 1—Scheme of the successive structures of a supersatu 
rated solid solution from the homogeneous stage to the 
precipitated stage is illustrated 


the normal statistical fluctuations in a purely ran 
dom alloy. We shall see the role played by these 
nuclei later 

The final state is obtained by a very long anneal 
an equilibrium i 
reached in a reasonable The then 
composed of a matrix which is a olid 
solution, much poorer than the initial one. Imbedded 


ing at such a temperature that 
time alloy is 


aturated 
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Fig. 2—Schematic 
6 hardness curves for 
4 cold aging and warm 


aging are plotted 


in this matrix are the grains of the precipitate indi- 
cated by the equilibrium diagram 

In the transformations which we shall conside 
here, the crystal of the initial solid solution retains 
its identity up to the end of the precipitation. Its 
Shape and its orientation remain un- 
changed. There is only a possible variation of the 
lattice parameter, generally very small. That means 
that there is no complete reorganization of the 
atoms, but only a rearrangement of solute atoms 
in a practically fixed lattice 

Our task is to describe the intermediate steps 
between these two stages and, if possible, the paths 
actually followed by the atoms. If the annealing is 
made at progressively lower temperatures, the proc- 
esses are slower and slower. However, according 
to the equilibrium diagram, one would expect no 
change except in the kinetics of the transformation 
Nevertheless, the precipitation phenomena are gen- 
erally profoundly changed. The first possible change 
is that another form of precipitate can occur. This 
fact is easily visible on micrographs or X-ray pat- 
terns. It is interesting to note this point here, be- 
cause we shall discuss analogous but more subtle 


external 


changes later 
Let us suppose now that we keep the annealing 


190 


“0 


Trew 


20 100 140 180 220 
Fig. 3—The variation of the hardness of an Al-Ag alloy is 
plotted against annealing temperature for a given annealing 
time." 
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temperature in a range narrow enough always to 
have the same precipitation phase. Let us say, for 
instance, Al,Cu #@ in an Al-Cu alloy. It is found that 
at a given temperature, after a short annealing, we 
have numerou mall precipitates; after a long 
annealing, large and less numerous precipitates, 
Fig. 1. When the temperature is 
coalescence occu! Inversely, when the tempera- 
ture of annealing is progressively decreased, the 
precipitates cease to be visible with the optical 
microscope, though they are still detectable with 
the electron microscope. Rough evaluations lead to 
the conclusion that the total amount of the pre- 
cipitated phase rapidly approaches the equilibrium 
value. It is chiefly the distribution of the precipitate 
which varies in large proportions. From the begin- 
ning of the process of precipitation, a large fraction 
of the dissolved atoms is eliminated from the matrix 
in a large number of small particle While the 
most of the initial particles 
which grow 


increased, a similar 


annealing continues, 
redissolve to the benefit of others, 

Let us now anneal the alloy at a low temperature, 
below 100°C for Al-Cu;: or let us age it at room 
temperature. No precipitate can then be detected 
with the ordinary techniques or with the electron 
microscope, On the usual X-ray diffraction patterns 
there are neither new lines nor spots which could 
be attributed to the lattice of a precipitated phase 
Neverthel the properties of the alloy, mechanical 
or electrical, are quite different from those of the 
quenched state 

We are faced here with the old problem of age 
hardening. What is the structure which explain 
the properties of the metal when no precipitation 


can be detected? 


Sequence Theory of Precipitation 
An idea, which seems quite natural, comes from 
an extrapolation of the interpretation of the direct 
observations. There is still a precipitation from the 
very beginning of the proces but the particles are 
© small that they are well below the resolving 
power of the replica techniques of the electron 
microscope, The particles are also so small that their 
diffraction lines are very broad, and thus so weak 
that they cannot be detected in powder diagrams 
In fact, ordinary patterns of the age hardened alloy 
howed nothing else than the lines of the matrix 
rhe situation changed in 1938 > when refined tech- 
single crystal 
Diffuse spots and 


were used specimen and 


nique 
trictly monochromatic radiation 


> 


= 


Fig. 4—An example is given of the diffuse scattering charac 
teristic of the preprecipitation stage. The Al-Cu single crys 
tal was aged for two days at 100°C. MoKw radiation was 
used with the oscillating crystal 
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Fig. 5—Diagroms 
LEFT, an ideal 
and RIGHT, a 


detormation; 


illustrate 
zone without 


zone with deformation 


+ 
streaks were found in addition to the Bragg spots 
of the matrix with an age hardened Al-Cu alloy 
Later, similar effects were observed in many age 
hardening light alloys and in Cu-Be 

One possible way of interpreting these 
tions was to suppose that these diffuse spots are 
diffraction spots of a crystalline precipitate, so small 
that they are considerably broadened by the well 
known size effect. The shape of the broadened spot 
is determined by the shape of the diffracting grain 
This was the foundation of the sequence theory 
The precipitate would grow 
From the 
during 


observa- 


developed by Geisler 
continuously from a 
evolution of the shape of the diffuse spot 
the aging, Geisler concluded that the growth of the 
precipitate wa At first, the nucleu 
in one direction, forming a needle. Then the 
needle develops into a platelet. Finally, the platelet 
thickens. Geisler added that it was possible that the 
lattice of this precipitate is different from the known 
observed when the grains have a 


ubmicroscopic size 


anisotropic 


grow 


form, which 1} 
micro copic iZe 
This simple theory of the continuity of the pre 
been recognized as insufficient 
and has 
the more complicated scheme of preprecipitation 
This theory has been introduced: 1) to explain the 
evolution of the properties of the alloy; 2) to give 
a correct interpretation of the diffuse scattering of 
X-rays. The essential point which we shall empha 
ize is the following assumption. There is no real 
stage of hardening but small 


cipitation proce ha 


in the majority of case been replaced by 


precipitate in the first 
heterogeneiti of the solid solution called zone 


without a characteristic crystalline lattice 


Physical Evidence for the Preprecipitation Stage 

ago, long before the study 

the idea of di 
had been put 

Dehlinger 

The age hardening proce is considered the re 


More than twenty year 
of the structure of zones by X-ray 
continuity in the precipitation proce 
forward by metallographer uch a 
sult of two phenomena, more or less distinct, accord- 
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of the annealing, They have 
been called cold hardening and warm hardening, 
the easiest way to pa from the first to 
to increase the annealing temperature 


ing to the condition 


because 
the econd } 
This idea | 
1) The kineti of age 
at low and high temperature 


upported by the following observations 
hardening is different 
At elevated tempera 
ture, there is an incubation period followed by an 
accelerated hardening. The sigmoid curve is chat 
acteristic of a nucleation and growth process. But 
in the cold hardening, the hardness curve is nearly 
linear near the origin and the rate of hardening ib 
continuously decreasing, Fig. 2 

2) Koster and Coll” have drawn the isochronal 
for the Al-Ag alloy relative to different prop 
, mechanical and electrical, Fig. 3. These curve 
“ive the value reached after a given time of anneal 
ing plotted against the annealing temperature. The 
eparated by a well 
marked minimum. For instance, for % hr the alloy 
is softer at 200°C than at room temperature, Thi 
oftening separates the domains of the cold and the 
warm hardenings. The treatment which suppresse 
the cold hardening is the retrogression treatment 
a few minutes at 200°C, now widely used in the 
light alloys industry. It is effective in the majority 
of age hardening alloys, and thi 
easily understood if the idea of a continuous proce 
uppose that all 


curve 


ertie 


curve present two maxima 


retrogression is not 
is used. It would be necessary to 
the small precipitates redissolve during the short 
treatment at 200°C. It i improbable that the un- 
table small precipitates have the same internal 
tructure as the table larger ones, above a well 
defined temperature 

It is fairly certain that the 
for the second stage of hardening, the warm hard 


tructure responsible 


ening, 1s the true Since the prop 


erties of the metal in the first stage are quite dif 


precipitate 
ferent, and since there is a discontinuity between 
the two stage we can conclude that the first stage 
is not a precipitation. Thi confirmed by the X-ray 
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Fig. 6—Small angle scattering by an age hardened Al-Ag 
alloy is shown a) as quenched, small zones; and b) annealed 

1 hr at 205°C, large zones 

tructure of the alloy at this 


results on the 


stage 


X-Ray Evidence for the Preprecipitation Stage 

As has already been said, the characteristic fea- 
ture of the X-ray diffraction patterns of an age 
hardened alloy is the diffuse scattering. In the last 
years, considerable progre has been made, both in 
the experimental techniques and in the theory of 
diffuse We shall not give details here, 
but simply discuss the results 

The aim of the experimental X-ray work is the 
determination of the reciprocal space of the crystal 
Let us say that for a perfect crystal, the reciprocal 
reciprocal 


scattering 


points of the 
These 


space contains only the 
lattices of the different phases 
respond to sharp Bragg spots 

The reciprocal space of the age hardened alloy in 
the preprecipitation stage contains: 1) the reciprocal 
lattice of the matrix, and 2) domains of diffuse scat- 
tering of various shapes and dimensions. They cor- 
respond to the broad diffuse anomalous spots or 
streaks observed in addition to the normal Bragg 
spots. An example of these streaks is shown in 
Fig. 4. Their intensity is always much weaker than 
the Bragg spots 

According to the sequence theory, it would be 
necessary for the center of these diffuse spots to be 
at the points of the reciprocal lattice of a definite 
crystalline phase. The critical objection against this 
theory is that, in the case of the best known systems, 
it is impossible to find such a lattice.” On the other 
hand, the diffuse scattering may be correctly inter- 
preted as due to a kind of imperfection of the 
matrix lattice, which we shall call zones 


points cor- 


Nature of the Zones 

We suppose that, as in the true precipitation 
process, the dissolved atoms in the supersaturated 
matrix have a tendency to segregate. But the zones, 
i.e., the small domains where the concentration of 
soluted atoms is high, have no proper well defined 
crystalline structure. The simplest hypothesis is to 
assume that the atoms remain at the points of the 
lattice of the matrix, Fig. 5a. Such a zone will be 
called ideal, because the lattice is not deformed or 
very little deformed. This model is satisfactory in 
some systems when the atoms have nearly the same 
diameter, such as Al-Ag or Al-Zn. A slight deforma- 
tion can thus be expected, even in regions with an 
anomalously high concentration of dissolved atoms 

Generally, however, a gathering of dissolved 
atoms inevitably produces strong distortions of the 
lattice. In the zone, the atoms are then removed 
from the matrix points, Fig. 5b, but it is character- 
istic of the structure of the zone that they do not 
reach any regular arrangement 
structure of the zone may be regarded as a more 
or less strongly distorted matrix lattice. The dis- 
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In other words, the 


tortions may vary from the center to the periphery 
of the zone in proportion to the concentration of the 
Therefore, the zone has no well 
defined boundaries. There is a perfect coherence 
between the zone and the surrounding matrix 
Nevertheless, in an approximate way, one may speak 
of the shape of the dimensions of the zone. 

Such a structure can exist only if all the atoms 
of the zone up to its center are strongly influenced 
by the lattice of the matrix. That is, a zone is stable 
only if it is very small, especially when the de- 
The order of magnitude 
The shapes 


dissolved atoms 


formations are important 
of the observed zones is 100A or less 


of the zones are different in various alloys. Zones 
have been found in Al-Cu for the first time. In this 


alloy, they are platelets parallel to the (100) planes 
They are now often called Guinier-Preston zones 
But this is only a particular case. The word zone is 
used here in a more general sense 

A coherent block of the matrix crystal contains 
a great number of zones randomly scattered and 
probably of statistically varying sizes. These local 
imperfections alter the periodicity and thus give 
rise to a diffuse scattering outside the normal Bragg 
reflections. To calculate this scattering, the zone 
cannot be isolated. The whole matrix lattice with 
the embedded zones has to be taken into account 
This type of calculation is possible, but the impor- 
tant problem is the reverse one: deducing the struc- 
ture of the zones from the observed scattering 
phenomena. It is a difficult problem and it is not 
possible to find a general solution.” Let us recall 
that, even for perfect crystals of known composi- 
tion, crystallographers have not yet a general method 
to find the position of the atoms in the cell. But the 
present problem is much more complicated, since 
the lattice is irregular and the composition of the 
zone unknown 

Up to now we have generally tried to imagine a 
model of structure and to compare the theoretical 
and the experimental repartition of diffuse scatter- 
ing. We shall not discuss these crystallographic 
problems, but rather insist upon some results which 
now seem established beyond doubt, and which are 
of interest for the metal physicist. The zones ob- 


Fig. 7—Concentra 
tion of silver as a 
function of the dis 
tance to the center 
of the zone is 
plotted 
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Fig. 8—The formation of a complex zone is illustrated 


served in various alloys can be classified into a few 
general types, which we shall describe 


Zones Without Lattice Distortion 
found in Al-Ag 
of special interest, because the two 


The most striking example is 
This system is 
atoms have nearly the same diameter, and a different 
scattering power. Thus, they are easily distinguished 


by X-rays. In the preprecipitation stage, the char- 
acteristic of the diffraction pattern is a circular halo 
of small diameter around each node of the matrix 
The more easily visible halo is found around the 
center of the reciprocal space, Fig. 6. Recently, this 
phenomenon has been extensively studied,” "" and 
good agreement has been reached as to the observa- 
tions and structure. The silver atoms remain on 
the points of the matrix lattice. The zones have a 
spherical symmetry, at least statistically. Through 
a Fourier transform of the scattered intensity, the 
concentration of silver is found as a function of the 
distance to the center of the zone.” Therefore, the 
zone is formed of an enriched nucleus surrounded 
by an impoverished shell, Fig. 7. The excess of the 
silver atoms in the central part is exactly equal to 
the defect in the outer part. The dimensions of the 
zone can be determined in absolute value. They 
vary with the annealing conditions, and are of the 
order of 10 to 40A. However, it is not possible to 
find the absolute value of the concentration. Gerold” 
showed that experiment gives, without any prior 
hypothesis, a segregation degree which is the product 
of the total volume of the zones by the proportion 
of gathered silver atoms in each of them 
This type of zone, the structure of which i 
revealed by X-rays, had been independently im- 
agined by theoreticians. According to Dehlinger,” 
the segregation in the cold aging stage leads to 
complexes; i.e., two adjacent domains, one enriched 
and the other impoverished. He has studied thermo- 
dynamically the stability of these complexes 
Qualitatively, at least, the formation of this zone 
can be well explained. As was said earlier, in the 
solid solution in equilibrium at high temperature 


clearly 
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there are already small silver rich nuclei. At low 
temperature, after quenching, the tendency to segre- 
gation is higher because the solution 1s super- 
saturated, but the mobility of the atoms is low. The 
silver atoms which are in the immediate vicinity 
of a suitable embryo migrate towards this embryo 
by an uphill diffusion process. The driving force is 
due to the difference between the free energy of the 
atom in the matrix and in the nucleus. This lower- 
ing of the free energy may be attributed to the 
valence electrons, because here the elastic strains 
are negligible. It is also possible that some kind of 
order exists between silver and aluminum inside 
the nucleus.” When a silver atom, jumping from 
one site to the other, comes in contact with the 
nucleus, it has a good chance of remaining at this 
nucleus, Fig. 8, so the surrounding layers are pro- 
gressively emptied of silver. They could be refilled 
at the expense of the matrix by the process of the 
normal downhill diffusion. However, the driving 
force in the case of diluted solid solutions is due 
to the concentration gradient and the diffusion is 
very slow, as shown by the value of the diffusion 
coefficient extrapolated at low temperature. Thus, 
the impoverished shell does not disappear; and the 
nucleus stops growing when the thickness of the 
depleted shell is large enough for a silver atom from 
the matrix to have a negligible chance of reaching 
the nucleus through the shell 

If the annealing temperature is increased, the 
mobility of the atoms becomes higher and the zone 
can grow. When the zones are large-—for instance, 
for Al-Ag at 180°C——the small angle X-ray pattern 
is formed by a central spot rather than by a ring, 
Fig. 6b. That means that the central nucleus is not 
surrounded by a well defined shell any more, be- 
cause the diffusion is easier. At still higher tem- 
peratures, let us say above 220°C, the stability of 
the nucleus becomes insufficsent, and the zones dis- 
solve by diffusion. The silver atoms must be engaged 
in a particle of the true precipitate, with a much 
lower free energy, to be able;to resist the dispersive 
action of the normal diffusion. So we will go from 
the domain of the cold aging with zones to that of 
warm aging with precipitates 

This qualitative picture shows that during the 
formation of the zone, the movements of the atoms 
occur on very small distances—about 10 to 20 atomic 
distance If the rate of formation of the zone is 
calculated with the usual diffusion equations, a time 
would be found of hundreds of years instead of a 
few minutes We have seen that the formation of 
the zone is the result of two diffusion processes, The 
diffusion of silver atoms from the matrix towards 
the outer part of the zone is very slow, but the 
diffusion towards the nucleus is much faster. Never- 
theless, in both cases, the general diffusion equa- 
tions are correct, though the gradient of concentra- 
tion must be replaced by the gradient of the thermo- 
dynamical potentials. For diluted normal solid 
solutions, the activity coefficient is nearly equal to 
the concentration, but in the highly concentrated 
probably very different; hence, the 
On the other hand, be- 
of the outer shell 
nearly equal 
expected 


nucleus it 1 
increased rate of diffusion 
tween the diluted solid solution 
and the matrix, the ratio of activities 1: 
to the ratio of concentration and so, a 
diffusion is very slow 

Zones of the Al-Ag type have been found in other 
where the lattice distortions are small, ie 
nearly the same size. It is 


system 
when the atoms are 
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interesting to compare the behavior of these light 
different 
The alloy of composition Cu,,Ni,Fe, has 


alloys to that of an apparently alloy, 


Cu-Ni-Fe 


been studied by Daniel and Lipson,” and by Har- 
greave Above 900°C, there is one phase with a 
cubic lattice. The quenched single phase alloy is 


decomposed by an annealing at about 800°C into 
intermediate phases, one copper- 
Both have the same 
parameter a, but the axial ratios are respectively 
lightly less than unity. Thi 

rather than precipitation 
preponderant—is preceded by 
another stage to preprecipitation. It is 
characterized by a X-ray pattern exhibiting an 
anomalou cattering effect. The diffraction lines 
of the cubic matrix are accompanied by two sym- 
metrical satellites of very weak relative intensity, 
which are called side-bands. These side-bands have 
been found in other alloy like the nimonic alloy 
(80 pet Ni-20 pet Cr, with aluminum and titanium), 
Fig. 9a 

Hargreave fully interpreted his observa- 
tions with a model of modulated structure, based 


two tetragonal 
rich and the other copper-poor 
wreater and stage of 
decomposition because, 
here neo pha ‘ I 


analogou 


ucce 


on @ periodic arrangement of alternate copper-rich 
ide-bands are the 
interplanar 
distance in the two series of lamellae. The period, 
the separation of the side-bands, 


and copper-poor lamellae. The 


consequences of the variation of the 


which determine: 


Fig. 9a——-Photograph shows example of side-bands given by 


678—JOURNAL OF METALS, MAY 1956 


was found to vary from 60 to 130A, according to the 
heat treatment 

It is difficult to justify the existence of so large 
a periodicity with respect to the interatomic dis- 
tances. Moreover, it is found that this periodicity 
would change gradually when the alloy is annealed 
at a higher temperature. However, this transition 
cannot be made without a complete reorganization 
of the atoms, which is difficult to imagine. Actually, 
it seems that a periodically modulated structure Is 
not necessary to account for the side-bands.” It can 
be replaced by an ensemble of complex zones dis- 
tributed at random in the solid solution. A zone, 
Fig. 9b, is formed, for instance, by one copper-rich 
lamella between two impoverished lamellae, the 
copper atoms migrating from the outside towards 
the center. Such a zone gives rise to side-bands 
This is demonstrated by an optical analogy. Fig. 9c 
is the optical diffraction pattern of a linear grating 
containing a defect, as drawn in Fig. 9b 

The distance of the satellites to the normal lattice 
point gives the thickness of the zone. When the 
ide-bands come closer to the normal lines, it means 
that the zone is growing, and it is no longer difficult 
to understand the gradual modification. The scatter- 
ing phenomena are quite different from those ob- 
erved with Al-Ag. They are due not to variations 
of scattering power, but to variations of the lattice 
parameter. On the other hand, the shapes of the 
zones are different. They are platelike, parallel to 
(100) planes. In their essential features, however, 
the structures of the preprecipitation stages are 
analogous. The mode of formation and growth of 
the zone by local movements operate on the same 
The zones are larger because the anneal- 
Hence, the dif- 


principle 
ing temperatures are much higher 
fusion paths may be longer 


Fig. 9>—A model of a complex zone formed by 24 dilated planes between 12 contracted planes is drawn 


Fig. 9¢-—Photograph shows optical diffraction model of zone 9b, showing side-bands near each diffraction line, according to M. Francon 
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nimonic alloy 
| 


Fig. 1O—Illustration shows model of a Guinier-Preston zone in 
Al-Cu according to Gerold.” Open circle represents alumi 
num atom, filled circle, copper atom 


Zones With Strong Distortions 

The best known zones of this type are found in 
the Al-Cu alloy, 4 pet Cu. Many papers”™”™ have 
been devoted recently to the Guinier-Preston zones 
of Al-Cu. Nevertheless, although a number of facts 
are definitely established, we are not yet in a posi- 
tion to give a thoroughly quantitative description of 
these interesting structures 

The zones are plane and parallel to the (100) 
planes of the matrix. They are primarily caused by 
a gathering of copper atoms in small regions of 
certain (100) planes. The diameter of the zones, 
which varies with the aging treatment, is of the 
order of 100A. Their thickness is much smaller, 
only a few interplanar distances. The observed 
scattering phenomena cannot be explained by any 
repartition of aluminum and copper atoms if they 
are supposed to be placed at the points of a regular 
lattice. Lattice deformations must be introduced, 
which can thus be considered as experimentally 
proven. Since the copper atoms are smaller than the 
aluminum atoms, the atomic planes adjacent to the 
copper-rich plane may be imagined as coming closet 
than the normal. The simultaneous occurrence of 
atomic displacements and of variation of scattering 
factors makes this theory difficult to prove. The 
schematic model of the zone, Fig. 10, based on 
Gerold’s investigation,” is in qualitative agreement 
with the observations, but it cannot be considered a 
definite. The dimensions of the zones cannot be de- 
termined without somewhat arbitrary hypothese 
and the exact proportion of segregated copper atom 
is still uncertain. But it is very probable that when 
the aging, even at room temperature, is practically 
finished (2 days), more than half of the copper 
atoms are concentrated in the zone 

In spite of this considerable depletion of the ma 
trix, the lattice parameter of the matrix does not 
change. Furthermore, the diffraction line are a 
harp as the lines of a sample of pure, perfectly an 
nealed aluminum.” From the width of the line, the 
minimum size of the coherently diffracting domain 
is calculated as greater than 3000A, while the mean 
distance between zones is of the order of 100A. A 
great number of zones are thus included in the ele 
mentary block. X-rays measure the average of the 
interplanar distances taken in the entire block. The 
local irregularities due to the zones give rise to 
diffuse scattering at large distances from the lattice 
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points in the reciprocal space, but do not broaden the 
points themselves. This is the best proof of the co- 
herency between the matrix and the zones. The 
behavior of the matrix diffraction line is quite differ- 
ent, where there are true precipitates.” 

Although the size of the zones is greater than the 
limit of resolving power of a good electron micro- 
scope, the ordinary etching techniques do not reveal 
these zones.* Castaing, using a transmission meth- 


* When the Ai-Cu alle re tains zones, white points ire ob 
ed iphs However, these points are not a 


firect ime of the ‘ 


od,” seems to have succeeded in obtaining an image 
of the zones, Fig. 11, when these zones are as large 
as possible—long annealing at 100°C. The black 
points correspond to a concentration of copper, more 
absorbing for the electrons. They are of the expected 
magnitude, and disappear when the specimen 1s 
heated at 200°C—retrogression phenomenon 

Let us compare the Al-Cu to the Al-Ag zones 
What is the origin of the differences which are ob- 
erved? The most striking fact is that in Al-Cu, 
there is no experimental sign of a well defined im- 
poverished region around the nucleus of high con- 
centration. It must be concluded that the normal 
diffusion is sufficient to smooth down the gradient 
of concentration between the matrix and the outer 
part of the zone. On the other hand, the solid solu- 
tion is much more diluted in the case of the coppe1 
alloy—-maximum of 2 instead of 13 atomic pct for 
Al-Ag. If, in a (100) plane, the copper concentra- 
tion reaches 30 pct, at least the seven adjacent planes 
on both sides have been completely emptied of cop- 
per. Thus, the diffusion seems to be easier for the 
copper atoms than for silver. Nevertheless, the nor- 
mal diffusion coefficients of silver and copper in 
aluminum are of the same order of magnitude 

It is possible to attribute this different behavior to 
the distortions which are very strong around the 
nucleus of copper and very weak in the silver alloy 
Jagodzinski and Laves” think that the rate of diffu- 
ion is greater ina strained region. More precisely, 
Turnbull” supposes that the dislocation lines form 


Fig. 11—Electronmicrograph of an Al-Cu alloy aged ten days 
at 100°C™ was taken by the transmission method 
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Fig. 12—Hardness curves for 
an Al-Cu alloy are plorted with 
and without cold working, after 
quenching 
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channels for the copper atoms and make a short cir- 
cuit for the atoms through the lattice 

There is also a difference between the origin of the 
driving forces in the two types of zones. The em- 
bryo of a zone with distortion may be a defect in the 
lattice, as a clustering of vacancies or dislocations 
An important fraction of the diminution of free en- 
ergy would be due to the interaction between the 
dissolved atoms and the defect, not only to interac- 
tion between these atoms and the solvent atoms 

A number of experimental facts seem to prove the 
influence of the lattice defects on the Guinier- 
Preston zones 

1) The zone has a peculiar shape in direct rela- 
tion with the matrix crystal, whereas the zones 
without distortions are quasi-spherical. Hirano” 
supposes that the copper atoms are attracted by a 
cluster of vacancies parallel to the (100) planes 
Some authors explain these differences without ref- 
erence to lattice defects. Mott and Nabarro™ ex- 
plained the plate-like shape by strain energy, and 
Smoluchowski" tried, from the calculation of elastic 
strains, to foresee the habit plan of a flat zone 

2) The distortion of the lattice after quench has 
a considerable influence on the subsequent aging. It 
has been found” that the hardening is quasi-instan- 
taneous after the deformation, Fig. 12. It is too in- 
tense to be accounted for simply by the straining of 
the crystal. There must be a change in the constitu- 
tion of the solid solution. In fact, X-ray patterns 
show the existence of very small Guinier-Preston 
zones.” The number of defects is much higher than 
in the undeformed metal, and they rapidly attract 
the copper atoms situated in their immediate vicin- 
ity, forming a small zone. Tne dévelopment of the 
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normal larger zones is hindered because the major- 
ity of the copper atoms already are in a rather 
stable position. That explains why the hardening 
seems to be stopped at room temperature, Fig. 12 
After an annealing at moderate temperature, 100°C, 
the copper atoms are liberated from the unstable 
small zones and certain zones are allowed to grow 
The hardening of the coldworked metal is thus re- 
tarded 

3) The development of the zone is faster when 
the quenching is more drastic, Fig. 13. Quenching 
strains cannot be invoked, because the effect of the 
deformation has been shown to be the reverse. The 
important factor is perhaps the greater number of 
quenched vacancies.” Seitz” feels that they accel- 
erate the rate of diffusion. According to Hirano,” 
they also increase the number of embryos of zones. 

From these various facts, it may be concluded that 
the lattice defects play an essential role in the 
deformation and stability of the Guinier-Preston 
zones. This shows how difficult any precise calcula- 
tion would be. Thermodynamical computations 
based only on the variation with concentration of 
the energy of the normal lattice or the quasi-chemi- 
cal approximation become of doubtful validity.“ 


Other Types of Zones 
The X-ray investigation of different age-harden- 
ing alloys has revealed the existence of zones whose 
structure is certainly very different from those just 


described. But a complete interpretation of the ob- 
served diffuse scattering has not yet been given and 
the structure of these zones remains obscure. Let us 
give a few examples 

In the ternary alloys Al-Mg-Si and Al-Ge-Si, the 


Fig. 13—Hardness curves of an 
Al-Ag alloy aged at room tem 
perature are plotted for differ 
ent ways of quenching 
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Fig. 14—Diffuse scattering by an Al-Mg-Ge single 
crystal with a [ 100) axis along the X-rays MoKa, aged 
1000 hr at 150°C. is shown.” 


characteristic feature of the preprecipitation stage, 
Fig. 14, is a zone in which the periodicity is preserved 
in only one direction, the [100] axis. This is about 
all we know with certainty.“ The zone is probably 
needleshaped. It is interesting to observe that, in the 
true precipitation stage, many precipitates are long 
needles parallel to the [100] axes.“ There is an 
obvious relationship between the habits of the two 
segregation processes. Let us recall that in Al-Cu, 
the zones are parallel to (100), and the precipitates 
Al, Cu # appear with a very marked Widmanstitten 
structure, along the same planes. The anomalous 
scattering effects are equally well visible in Al-Mg- 
Si, where the atoms have the same scattering powe1 
as in Al-Mg-Ge when there is a strong contrast. It 
can be concluded that lattice distortions are im- 
portant, but we do not know their nature. One may 
imagine that they are related to the formation of 
chains of Mg,Si or Mg,Ge, in which the bonds are 
not truly metallic, but rather ionic 

Another example of a still mysterious preprecipi- 
tation stage is encountered in the Al-Cu-Mg™ and 
Al-Mg-Zn systems.” Diffuse round points are ob- 
served whose relation to the matrix reciprocal 
lattice is not evident. In this particular case, pet 
haps these points could be explained by reference to 
very small particles of a precipitate with a distinct 
lattice. The preprecipitation stage is not yet proven, 
except perhaps at the beginning of the hardening at 
room temperature. It must be noted that the well 
developed precipitate has no simple relations of 
epitaxy with the matrix 

This example shows how diverse the processes of 
precipitation are. Any generalization made hastily 
would be dangerous 


Comparison of the Formation of the Zones 
And of the Precipitates 


Various authors” “ have shown how the changes 
of the different properties can be explained, even in 
detail, by the successive stages of the preprecipita- 
tion, and of the precipitation with different forms of 
precipitates. These different stages replace each 
other according to the annealing condition 

We shall relate here only the differences between 
the kinetics of the two principal stages to the atomic 
structures of the zones and the precipitates 
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The nucleation and growth process in the precipi- 
tation has been studied theoretically and exper- 
mentally, and is well known. The characteristic 
parameter is the energy of formation of the stable 
nuclei. This energy comes from the energy of the 
boundaries between the particle and the matrix. It ts 
large when the lattice of the precipitate is not coher- 
ent with the matrix, because many atoms in the 
transition layers are in a position of high energy 
Precipitation cannot take place when the tempera- 
ture is low, because there is no chance for a group 
of atoms of the supersaturated solid solution to get 
an excess of energy sufficient to overcome the poten- 
tial barrier of the stable nucleus 

On the other hand, zones have only a very small 
surface energy, because there is, in fact, no real 
boundary around them. The formation of the zones 
is then very easy. Therefore, they are numerous, 
and there is practically no incubation time. One 
could say that the critical radius of the stage nucleus 
is very small. Thus, the zones are formed even at 
low temperatures, in spite of the small gain of free 
energy 

When the temperature is raised enough to allow 
the appearance of some nuclei of the precipitate, the 
growth of the precipitates at the expense of the 
zones represents a decrease for the free energy of 
the whole. Thermodynamically, it is possible that 
the zones redissolve and that the dissolved atoms 
migrate towards the precipitate. This is the transi- 
tion between the cold hardening and the warm hard- 
ening 

This transition may occur not only by the eleva- 
tion of the annealing temperature, but for any cause 
which makes the nucleation of the precipitate pos- 
sible. Thus, a severe coldwork of the metal produces 
disordered domains with excess energy. It has been 
observed™ that in the Al-Cu alloy, after a cold roll- 
ing of 90 pet, the Al-Cu @ phase appears after a few 
minutes of annealing at 150°C, whereas normally 
the Guinier-Preston zones are formed and grow for 
many hours 

The presence of impurities may also produce a 
transition between two modes of hardening. This is 
the case with Al-Cu-In alloys.” 


Conclusion 


Neglecting all the still ill-understood details of 
the observations and the uncertainties of the tenta- 
tive theories, we may retain a simple but firm con- 
clusion. The precipitation is not a continuous 
process. The segregating atoms may form different 
structures. During the passage from one to the other, 
the major part of the first redissolve and atoms mi- 
grate towards the nuclei of the second. Are the 
nuclei of the new structure formed at the segregates 
of the previous structure? It is possible, but the 
question does not have much meaning. In any case, 
the majority of the first segregates disappear. The 
successive structures are characterized by a free en 
ergy, smaller and smaller per atom, with an in- 
creasingly higher nucleation energy. The zones con- 
stitute the first stage. Then one or several kinds of 
precipitates may appear, the first being the most 
coherent with the matrix 

The zone has a nonperiodic structure, with lack 
of periodicity due either to the nature of the atoms 
or to their positions. It must be considered as a large 
defect in the matrix lattice. Progress both in the 
theory and in the technique of X-rays makes an 
analysis of the structure of the crystalline imperfec- 
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tion possible. We have shown some of the first re- 
ult which already well ascertained. But 
there is still much worthwhile work to be done in 
this field. Every metal physicist is now interested in 
lattice Unfortunately, in pure metals 
the distorted regions are very small, and we still 
lack experimental means for a direct study of these 
tructures. The theoreticians use a great deal of 
imagination, or at least they use the elements which 
colleagues: 


ecm 


imperfection 


are now most fashionable among their 
dislocations, vacancies, etc 

We have 
atomic structure and a rapid 
On the other hand, zones 


jut zones are giant defects ome precise 
information on thei 

- 
progre may be expected 
have a predominant influence on many properties of 
Thus, they constitute a good opportunity for 
the theoretician to verify his theory on an experi- 


mentally known imperfect structure 


metal 
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Separation of Germanium and Cadmium From 


Zinc Concentrates by Fuming 


Vapor pressure determinations were made on synthesized germanium sulfides. 
Germanium and cadmium were removed from sphalerite concentrates by fuming. 
The fume was retreated to separate some of the cadmium from the germanium 
and, at the same time, upgrade the germanium to more than 5 pct content. 


by H. Kenworthy, A. G. Starliper, and A. Ollar 
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include the volatile sulfide 
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Fig. |—Graph plots 
extrapolation to 
saturation curve tor 


GeS at 400°C 


manium and cadmium compared to smelter recoy 
eries, and to develop an effective method for sepa 
rating the bulk of the germanium from the cadmium 
These studies are in part a continuation of those 
previously published in a Bureau of Mines report 

Laboratory scale extractive experiments were 


conducted on zine concentrates procured from the 
Minerva Oil Co. operations in the Illinois-Kentucky 
fluorspar district 


Vapor Pressure Investigations 

Nearly pure GeS and GeS, were prepared, using 
procedures based on the work of Johnson and 
Wheatley.’ 

GeS, was obtained by conversion of GeO,. GeS 
was prepared by partial reduction of GeS,. As shown 
in Table I, both products varied slightly from theo- 
retical analyses 

Vapor Pressure of GeS—-The vapor pressure of 
GeS was measured by the vapor saturation method, 


which consists of heating the material under inves 


Table |. Analyses of Synthesized Germanium Sulfides 


Analysis, Pet 


Material Ge s Total 
Synthesized disulfide 44.1 992 
Theoretical disulfide 53.1 49 100.0 
Synthesized monosulfide 71.9 28.4 100.3 
Theoretical monosulfide 06 100.0 


tigation in a moving stream of neutral gas and 
determining the weight of material that would be 
in a measured volume of saturated gas. The amount 


of GeS vaporized was measured by the weight lo 


of the sample in a moving stream of helium at two 
or more rates of flow. Computation of weight los 
at the saturation point of the helium was made by 


extrapolation to zero rate of flow. The values ob 
tained at different temperature 
give a vapor pressure curve. A slight tendency fo: 
GeS to dissociate was noted. This tendency increased 
rapidly at temperatures of 600°C and higher 

Typical results of an extrapolation plot are 


n Fig. 1 


were plotted to 


howr 


Table Il. Vapor Pressure Vs Temperature, GeS 


Vapor Pressure 
from Curve 
Mm 


Vapor Pressure 
Determined 
Mm He 


Temperature 


45 202 
4849 
14.212 13.528 
40 964 19 444 
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Table II! Temperature at Even Decimal Pressures for GeS 


Temperature, 


Pressure in Mm Hg 


317 


10 375 
“a7 
10 536 
103 650° 


Grade A helium, employed as the inert gas, was 
purified by passing it over heated black CuO, then 
through soda, lime, and activated alumina at room 
temperature. The furnacing apparatus included a 
fused silica tube in which an Alundum boat con 
taining the GeS sample wa maller fused 
ilica tube through which the hot gase 
over the boat were withdrawn, and a manometer to 
Discharged 


placed, al 


immediately 


indicate the pressure within the system 
helium was collected and measured over helium 


aturated water. Corrections were made for baro 


Table IV. Apparent Vapor Pressures of GeS 


Vapor Vaper 
Weight Loss Pressure Vressuare 
Temperature G per Cm Mm Ng Mm He 


from Curve 


per See Determined 
42 1 1610 lO 1 01x10 
7 86x10 70x10 
2.55x10 1 25x10 1 4 
2 1 02x10 1 10x10 
+71 0 2 50x10 


metric pressure and room temperature. Tempera 
tures of the GeS sample were determined by a 
Pt—-Pt-13 pet Rh thermocouple placed over the 
charge 
The equation P RT 
MV 

used to calculate vapor pressures. In the equation 
P is the partial pressure in atmospheres due to the 
GeS, V is the volume which contains g grams of the 
vaporized monosulfide, M is the molecular weight 
of the gasified material, T is the absolute tempera 
ture, and R is the gas constant 

Calculated vapor pressures from 400° to 600°C 
are shown in Table Il. The log of these values wa: 
plotted against 1000/T, as illustrated in Fig. 2. Table 
Il shows corresponding temperature values taken 
from the curve, which has been adjusted to the 
plotted points by the least 

Values for P and T from the curve were sub 


from Daniels* was 


quares method 


Fig. 2—Graph plots 
vapor pressure 
temperature curve 


for GeS 


MAY 1956, JOURNAL OF METALS 683 


é 
10 
: 
: 
> 
- > * The latter slue may not be reliable since this is near the re ete ae 
ported melting point of GeS (625"¢ 
Volume liters of He 
2 
= 
, 
‘ / 
ae 4 t4 27 ‘ 


/ Fig. 3—Grayh plots 
apparent vapor 
pressure temperature 


curve for GeS, 


A 
tituted in the equation log P « + B.* Simul- 


gave values of 6526 for A and 9.07 
tabulated in 


taneous solution 
for B. By 
Table Ill were determined 

Apparent Vapor Pressure of GeS,—GeS, is an un- 
table compound unless enveloped in a protective 
It decomposes in moist air at room tem 


ubstitution, the pressure 


medium 


Table V Temperatures at Even Decimal Pressures for GeS. 


Pressure in Mm Me Temperature, °¢ 


10 722 
10 626 
10 47 
10 424 


176 


perature and, in an inert gas at elevated tempera 
ociation takes place, chiefly to sulfur and 
the monosulfide. In the following portions of thi: 


report the term apparent vapor pressure is used to 


ture di 


indicate the total pressure of the dissociation prod 
ucts, which include GeS, S, and probably a limited 
amount of S, From observations and conclusions 
of other GeS, does not volatilize as such but dis- 
oclates to GeS and sulfur, which, upon cooling. 
partially recombine to give a mixture approximating 
GeS, in over-all composition 

The apparent vapor pressure of synthesized GeS 
was determined by a procedure similar to that used 
by Hsiao and Schlechten 
erratic at 600°C 


Determination became 
because of rapid evaporation. At 


100°C, evaporation was so slow that consistent re- 
ults were not obtained, but conditions at 425° were 
sufficiently stable to give consistent result Although 


hown at 425° deviates considerably from 
a“ curve constructed neglecting this point, the loca- 
tion of this point wa 


determination: Six 


the point 


made by numerous consistent 


amples were heated at one 


time in a vacuum of 5 to 10 yw. Loss in sample 
weights was considered the amount evaporated 

Vapor pressures were calculated from Langmuir’s 
equation for vacuum conditions; W 5.883x10* P 
mm \/M/T where W is the rate of gas evolution in 
g per sq cm per sec, P is the vapor pressure of the 
gas in mm of mercury, M is the molecular weight 
of the gas in g, and T is the absolute temperature 

The gaseous phase of the material was assumed 
to be 2 GeS and S,; the average of the molecular 
weights was substituted for M. Calculations for P 
at selected temperatures gave the results shown in 
Table IV 

From these values, the curve in Fig. 3 was con- 
tructed 
A and B were determined as previously described 


Table Vi. Analysis of Minerva Oil Co. Zinc Concentrate in Pct 


7a Pb 


0024 0.89 63.0 0.027 30.7 


Values obtained were: A 9330.86, and B 8.37 


Substitution in the equation log P 7 B gave 
the figures tabulated in Table V 


Pyrometallurgical Recovery from Zinc Concentrates 
Analytical Studies—Petrographic examination of 
the Minerva Oil Co. zine flotation concentrates 
howed that the sample consisted chiefly of sphal- 


erite: with small amounts of calcite, fluorite, and 


Table Vil. Selected Volatilization Data 
Temperature Change of 

Material a State 

Germanium monosulfide + 450 Sublimed 
Sulfur 445 Boiling Point 

Germanium disulfide 600 Sublimed 

Germanium monoxide 710 Sublimed 
Cadmiur 767 Boiling Point 
Zire 907 Boiling Point 

Cadmium sulfide 980 Sublimed 

Zine sulfide 1185 Sublimed 
Lead sulfide 1280 Boiling Point 
Lead 1613 Boiling Point 
(2700) Boiling Point 


Germanium 


silica; and a minute quantity of galena. Selected 
grains of sphalerite gave positive tests for cadmium 
and germanium. No primary minerals of cadmium 
or germanium were identified. Apparently these 
elements occurred in solid solution within the zinc 
mineral. Partial chemical analysis showed the con- 
centrate to contain percentages of elements as listed 


in Table VI 


Vreduct Weight, Pet Ge ca 


Rougher condensate 20 0.93 12.7 
Primary residue 44 0 0007 0 05 
Composite 100.00 0025 0 a2 


Table VIII. Rougher Volatilization 


Analysis, Pet 


Distribution, Pet 


Ge ca Zn s 


97.0 12 13 
3.0 5.9 98.8 98.7 
100.0 100.0 100.0 


17.1 
62.1 370.6 100.0 
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Table IX. 


Product Pet Ge ca 


Upgraded condensate 13.7 4.87 
Upgrading residue 86.3 0.024 10.6 
100.0 0.55 28.7 


Composite 


Upgrading Rougher Condensate 


Analysis 


Pet Distribution, Pet 


Za Ge Cad Zn s 


Oa) 62.7 96.2 80 02 28.3 
$1.7 25.2 $8 92.0 90.8 71.7 
27.4 ws 100.0 100 100.0 100.0 


Extractive Studies—-Numerous experiments were 
made to develop a method which would give con- 
sistent results for fuming cadmium, germanium, 
and lead from ZnS concentrates in an inert atmos- 
phere. Tube furnaces were used exclusively fo: 
treating concentrates batchwise. The inert atmos 
phere consisted of helium, which was introduced at 
one end of the tube and discharged from the opposite 
end. Several methods of fume collection were tried, 
including cyclone, condensing chambers, bubbling 
through water, glass wool filtration, laboratory-size 
Cottrell, and condensing baffles. A combination of 
baffles and condensing chambers was favored fo: 
laboratory convenience. Fume recovery was in no 
instance as high as desirable. However, the system 
recovered a portion of fume which should closely 
characterize the whole 

Rougher Volatilization—Objectives of the re- 
search were to: 1) obtain a Ge-Cd impoverished 
residue, 2) remove over 90 pct of the germanium 
and cadmium, 3) vaporize a minimum of zinc, 
4) determine the optimum temperature and time 
of treatment, and 5) consume only a small quantity 
of helium 

Table VII shows data pertinent to the studies 
These are taken from chemical handbook: 

These figures indicate that it should be possible 
to distill sulfides of germanium and cadmium from 
the concentrates selectively, or to condense them 
from the fumes selectively while cooling. Several 
experiments were conducted along these lines, but 
overlapping characteristics and difficulties in sepa- 
rating the deposited fumes prevented any satisfac 
tory degree of success 

For the production of a bulk fume or condensate, 
charges of approximately 1000 g Zn concentrate 
were placed in fused silica tubes and heated for 
4 hr at 1090°C, while 4 1 He per min were passed 
through the apparatus. Table VIII tabulates the 
results of a typical experiment 

The small amount of fluorspar in the feed caused 
extraneous volatile material to be present in the 
rougher condensate In addition, some organi 
matter was present from volatilization of flotation 
reagents. The small amount of galena in the feed 
reported in the condensate also 

A revolatilization treatment of the rougher con- 
densate at about 900°C was expected to produce 
a relatively high germanium fume and a second 
residue containing most of the zinc and cadmium 
Contrary to expectation, most of the cadmium wa 
volatilized, and the germanium and zinc were split 
between secondary fume and residue. This was due 
to a degree of dissociation of the sulfides, resulting 
in considerable metallic zinc and cadmium, and 
possibly metallic germanium. Addition of 20 pct S 
preceding upgrading or revolatilization produced 
quite different results. Zinc and cadmium were, to 
a great extent, retained in the residue, while the 
major portion of the germanium was reported in the 


upgraded fume, as shown in Table IX 
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In several experiments the cadmium content of 
the condensate ranged from 6 to 10 pet. The amount 
of cadmium volatilizing can be loosely controlled 
by the quantity of sulfur added. The above result 
indicate that a few more percent of sulfur would 
have enhanced this particular separation. The com 
posite does not check the rougher condensate. This 
is Caused in part by dilution with sulfur and in part 
by fume losses, especially of germanium 

Desulfurizing Upgraded Fume -The upgraded 
condensate contained a large amount of sulfur 
much of it in the elemental state. It was possible 
to remove this sulfur by CS, leaching, oxidation, o1 
evaporation at relatively low or high temperatures 
Recovery in a reuseable form was desired, Oxida 
tion of the sulfur by heating or evaporation by 
boiling lost excessive quantities of germanium to 
the atmosphere. Volatilization by a prolonged low 
temperature treatment in air was found most suit 
able. By treating the upgraded condensate at an 
average temperature of 150°C for 35 hr, 87 pet of 
removed and probably could be con 
Some germanium and a small 


the sulfur wa 
densed for reuse 
amount of cadmium were also volatilized. However, 
this was not considered as a loss, since the sulfur 
returned to the circuit should contain nearly all of 
these elements. The final product analyzed 7.03 pet 
Ge, 35.2 pet Cd, 26.2 pet S, and 0.77 pet Zn. Over-all 
was 94.9 pet of the 
The cad 
mium in the germanium condensate represented an 
additional 7.5 pet of the cadmium present in the 
could largely be re 


recovery, based on residues, 
germanium and 87.2 pet of the cadmium 


original zine concentrate. Thi 


covered in a hydrometallurgical separation scheme 


when the germanium is recovered, thus raising 


cadmium recovery to more than 90 pct 


Summary 


The fuming experiments have shown that ger 
manium and cadmium may be removed effectively 
by heating certain sphalerite concentrates in an 
inert atmosphere. The ratios of concentration are 
high, approximating 300:1 for germanium and 35: 1 
for cadmium. The final pyrometallurgical product 
ufficient tenor to be treated by hydro 


to obtain finished product 


were of 
metallurgical method 
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Diffusion of Nitrogen in Iron 


The diffusion of nitrogen in «-iron was studied by means of the fractional satura- 
tion method. Resulting diffusion coefficients are in excellent agreement with the 
values obtained from internal friction experiments. 


by Paul E. Busby, Donald P. Hart, and Cyril Wells 


erie workers in the field have established that 
the diffusion of nitrogen follows normal diffu- 
ion laws. Concentration-penetration data from layer 
analyses of reasonably pure iron specimens nitrided 
in an atmosphere of CO-NH, are given in the litera- 
ture, and were utilized to calculate diffusion con- 
nitrogen. The diffusion of nitrogen in 
represented approximately by the 


tant for 
iron may be 


equation 


D = 1,.07x10° 
he diffusion coefficients, D, given by this relation 
represent mean values, since carburization occurred 
imultaneously with nitriding 

The rate of diffusion in a-iron ha 
mined from calculations based on data obtained by 
internal friction of samples at each 
of several frequencies and temperatures.” The ex 
pression for the diffusion of nitrogen in a-iron de- 
rived from these experiments Is 


been deter- 


measuring the 


D 1.4x10°e 


the diffusion 
solved or 


Increasing carbon content decreases 
Oxygen, either di 

been shown‘ to exert a marked influ 
diffusion of nitrogen from a nitriding 
D values increase rapidly with increas- 
ing amount of dissolved oxide in the metal, but dif 
completely inhibited if preliminary oxida- 
produced the slightest trace of iron oxide 
Diffusion coefficients have also been 
from permeability and solubility data, 
tionable accuracy since 


of nitrogen in a@-iron 
combined, ha 
ene on the 


atmosphere 


fusion | 
tion ha 
on the 
calculated 
but these values are of que 
the boundary conditions assumed may not actually 


urftace 


exist 
Experimental Method 

The method selected for determining the diffusion 
coefficient of nitrogen in a-iron in the present inves- 
fractional saturation 
method consists of heating the 
NH, mixtures of known 
a predetermined time. Following 
analyzed for nitro- 
ven: and the diffusion coefficient is calculated from 
a known relationship of the fractional saturation, 
of the specimen 


tigation Wa the o-called 
method. Thi 


men in an atmosphere of H 


peci- 


composition for 


this treatment, the specimen | 


time of diffusion, and dimension: 
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om*/sec x 107* 


Fig. |—Graph plots effect of temperature on the diffusion 
coefficient for nitrogen in a-iron 


This relation is based on a solution of Fick's second 
law and assumes that the surface of the specimen 
immediately reaches a given concentration which 
remains constant during the diffusion anneal. Tabular 
solutions are available** and provide the relation- 
ship between fractional saturation and the quantity 

Dt/a. where D is the diffusion coefficient in cm’ 
t is the time of the diffusion anneal in sec- 
is the half 
The method 


per sec, 
onds, and a, in the present experiments, 
thickness of the slab specimen in cm 
is adequately discussed elsewhere 


Material 

The material for this study consisted of 3/32 in 
thick (0.24 em) carbonyl! iron plate. The major im- 
purities in this iron are oxygen and carbon, which 
are readily removed by long time high temperature 
treatment in an atmosphere of purified hydrogen. In 
order to reduce the diffusion anneal time for satu- 
ration runs, some of this material was rolled to a 
thickness of 0.015 in. (0.038 cm) prior to the hydro- 
gen treatment 

Hydrogen treatments were carried out in a hydro- 
gen-purified Armco iron tube heated in a globa: 
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furnace. The carbonyl iron samples, cut into strip: 
about 2 in. wide and 8 in. long, were supported on 
a previously purified carbonyl! iron holder in a posi- 
tion which exposed a maximum of surface to the 
hydrogen atmosphere. The gas was passed through 
pyrogallic acid, H,SO,, and Drierite, respectively, 
prior to admission to the charge. For the duration 
of the one month purification treatment, the flow 
rate of hydrogen was about 4 cu ft per day and the 
furnace temperature was maintained at 1200°C. A 
typical analysis of the purified iron is as follows 

Carbon, not determined, <0.005 Mn, 0.005 P, 0.0001 
S, 0.002 Si, <0.007 Ni, < 0.001 Cr, <0.005 Mo, 0.001 
Cu, —0.001 Al, <0.001 Sn, 0.002 O.,, 0.0005 H,, and 
0.0009 N, 


Gas Mixer 


The NH,-H, atmosphere for the diffusion experi 
ments was provided by a gas-mixing apparatus con 
structed for the purpose. The apparatus is a modi- 
fication of that described by Johnston and Walker 
and later modified by Darken and Gurry.” In brief, 
the assembly permits close control of the flow rate 
(0 to 100 cu cm per min for NH, and 0 to 150 cu cm 
per min for H,) required to provide the desired 
compositions and flow rates of the gas mixtures for 
the furnace atmosphere. Chemical analyses of the 
gas mixtures were carried out by obtaining a sam- 
ple of the mixture in a flask of known volume at 
ambient temperature and pressure, introducing a 
known amount of standard H,SO,, and back-titrating 
the excess acid with standard alkali so that the per 
centage of ammonia could be calculated from the 
amount of acid neutralized 


Diffusion Anneal 


Specimens of the purified iron about 2 in. sq were 
ubjected to treatments in NH,-H, mixtures at tem 
peratures ranging from 400° to 600°C. The heating 
unit consisted of a wire wound Alundum tube ful 


nace controlled within *1°C of the desired tem 
perature by a Micromax controller. An inner line 
of Pyrex 172, which is satisfactory for continued 


use at temperatures below 675°C, served as the 
atmosphere chamber. Specimens to be annealed 
were charged into the cold furnace and heated to 
the desired temperature in hydrogen only. Afte 
thermal equilibrium was attained, the ammonia wa 
introduced to provide a previously determined mix- 
ture. During the diffusion period, the analysis of the 
vas entering and leaving the furnace was checked 
periodically by drawing off a sample of it for chem: 
cal analysis. The flow rate of approximately 100 
cu cm per min was found to be sufficient to prevent 
change of the composition of the gas during passage 
through the furnace. After the annealing treatment, 
specimens were removed from the furnace and 
quenched in water. The time for the diffusion an 
neal was considered to be the elapsed time from the 
introduction of the ammonia to the water quench 
Choice of the NH,-H, mixture was based on re- 
ults given by Lehrer,” whose data suggest that 
pecimens heated at temperatures of 450°C in 27 pet 
NH,, 500°C in 21 pet NH,, and 600°C in 10.5 pet NH 
hould contain, at temperature, all the nitrogen in a 
solid solution. Actually, specimens heated at 500°C 
in mixtures containing 20 pet NH, were observed 
microscopically to contain nitrides which probably 
formed at the diffusion temperature. X-ray analyse 
indicated that these nitrides were Fe,N. In late 
experiments, therefore, the compositions of the mix 
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tures were arbitrarily reduced to values of about 
20, 15, and 9 pet NH, at 400°, 500°, and 600°C 
respectively, to insure against the formation of 
nitrides 

Following the diffusion anneal, specimens were 
analyzed for nitrogen by standard chemical tech- 


niques. In order to satisfy the conditions of a semi 
infinite solid, the outer portions of the 3/32 in. thick 
specimens were discarded and only the center ‘4% in 


q section of the specimen was analyzed for nitrogen 
No discard was made on the sheet specimens which 
were saturated with nitrogen 


Table |. Summary of Diffusion Treatments 


Test Specimen Temper Time Nu N 
No No ature, °¢ ie Pet Pet Cm’ per See 

N.30 400 w6 20 0 029 

2 N -2¢ 400 19.0 20 0 008 11 

N-25 Aso 19.0 20 2.1 

N-20 yOu 21.1 15 

7 N-11 600 6.3 0 087 ° 

4 N-13 600 16.0 ” 0071 148 


* Saturation run 


Results 

A summary of the data is given in Table 1, which 
lists the time and temperature of the diffusion heat 
treatments as well as the D values calculated from 
the resulting nitrogen analyse The value of the 
activation energy, Q, determined from the line of 
best fit on the plot of log D vs 1/T, Fig. 1, is 15,600 
cal per mol, so that the diffusion of nitrogen in 
r-iron is represented by the relation 


D 
as compared with the equation 
D 


determined from internal friction measurements 
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Purification of GeCl, by Extraction With 


HCI and Chlorine 


GeCi, may be purified by extraction with HCI and chlorine. The process is as 


effective for the removal of AsCl, as the more cumbersome distillation methods 


usually used for this purpose. 


ERMANIUM for semiconductor use contains im- 
at levels no higher than a few parts in 
ten million. Material of this quality is obtained from 
highly purified GeCl, by hydrolysis to the oxide and 
reduction of the oxide in hydrogen. When purifying 
GeCl,, AsCl, is the most difficult impurity to remove 
This is usually accomplished by multiple distilla- 
tion procedures.’* 

AsCl, may also be removed from GeCl, by extrac- 
tion with HCI1.’* Reducing the arsenic to low con- 
is not practicable, however, because of 
the large number of extractions needed. This paper 
discusses a new method for the removal of arsenic 
from GeCl, by extraction with HC] and chlorine 
The method is rapid, leads to little loss of germanium 
und is at least as efficient as the distillation pro 
cedures currently being used 


puritic 


centration 


Theory of Extraction Procedures 
In the simple extraction of GeCl, with HCl, the 
following reaction occurs 


AsCl,,., 


at equilibrium C,/C, K, where K is the distribu- 
tion coefficient, and C, and C, are the molar con 
centrations of AsCl, in HCI and GeCl,, respectively 

The materials balance equation for this reaction 
is 


V,C, + V,C 


where V, and V, are the volumes of HC! and GeCl,, 
respectively, and C, is the initial concentration of 
AsCl, in GeCl,, From this it can be shown that for 
multiple extractions 


( l )" 
[1] 


where C, is the concentration of AsCl, in GeCl, after 
n extractions, and r is the ratio of V, to V,. It is 
assumed that r is maintained constant, that equi 
librium is established during each extraction, and 
that K is independent of the AsCl, concentration 
By saturating the system with chlorine, the fol- 
lowing reaction occurs in the aqueous phase 


AsCl, + 4H,O + Cl, H,AsO, + 


at equilibrium 
K 


* * Aci, 
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where a is the activity of the various components. 
The effect of this reaction is to reduce the concen- 
tration of the AsCl, in the aqueous layer and, there- 
fore, to promote further extraction of this component 
from the GeCl, layer. If the arsenic acid remains 
entirely in the aqueous phase, the net effect of this 
reaction is to promote the removal of arsenic from 
the GeCl,. The materials balance equation for ex- 
traction with HCl and chlorine with the foregoing 
reaction is, then, 


where C, is the molar concentration of H,AsQO, in 
the HCl. With the added assumptions that the 
activities of AsCl, and H,AsO, in the aqueous phase 
are equal to their molar concentrations, it can be 
shown that for n extractions 


where 
* Ge, 
k K’ 

au 

It can be seen by comparing Eqs. | and 2 that if 
k is large, the removal of AsCl, by HCI extraction 
will be greatly improved by the addition of chlo- 
rine. Dilution of the HCl used in the extraction 
with chlorine would also favor the separation. This, 
however, would increase the loss of GeCl,, which is 
undesirable 

Experimental Procedure 

Germanium prepared from oxide of semiconductor 
purity is n-type with resistivities greate! than one 
ohm-cm. The resistivity is controlled by the dono! 
concentration, which is ~10° mol pet. Germanium 
prepared from material with added arsenic will 
have lower resistivity commensurate with the arsenic 
concentration. With such material, at arsenic con- 
centrations above 10° mol pct the resistivity is con- 
trolled by the added arsenic, and effects due to othe 
¢mpurities initially in the oxide are negligible. In 
this investigation GeO, of semiconductor purity was 
converted to GeCl,, and ~0.01 mol pct As was added 
This material was used for the extraction experi- 
ments and the purification attained determined by 
a comparison of the resistivity data for samples of 
germanium prepared from the initial and purified 
GeCl,. A method for calculating the arsenic con- 
centration from the resistivity data is discussed 
later. The details of the experimental procedures 
used are as follows: 

Two hundred and thirty cu cm GeCl, were pre- 
pared by the solution of GeO, in HCl, followed by 
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Fig. |—Apparatus for the reduction of GeO. is illustrated 
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with HCl, 34 pet of the AsCl, re 
mained in the GeCl,, wherea ubsequent 
extraction with HCI] and chlorine alone, 0.44 pet 
With two extraction using HCl and 
0.24 pet of the AsCl, remained, and further 
purification to 0.17 pet resulted with four extras 


four extraction 
with one 


remained 
chiorine 

tions. Germanium of thi quality is as good as mate- 
the multiple distillation process for 
hown in 


rial prepared by 
the purification of the tetrachloride, a 
Fig. 2 

With the data for the extraction 
of the distribution coefficient for the 
proce Values from 
0.75 to 0.40 were obtained, the values being smalle: 
for smaller AsCl, concentrations, From these data it 
would appear that at low concentrations the effec 
tive distribution coefficient and, therefore, the effi- 
ciency of the extraction process, diminishes. Using 
an average distribution coefficient, K, of 0.58, and 
the data for a single extraction with HC] and chlo- 
rine, the value of k in Eq. 2 was estimated to be 
5.3x10°. With this value, the second and fourth ex- 
tractions should have reduced the arsenic concen- 
tration to values of 1.4x10" and 3.3x10" atoms per 
cm’, respectively. Actually 
een in Table I, resulted in only minor reductions 
in arsenic concentration. The reason for this has not 
been established 

If, as has been suggested, the distribution co 
efficient, K, diminishes as a function of the AsCl, 
concentration, then it can be seen from Eq. 2 that 
furthers 
proached zero 
extraction at level 


with HCI, value 
extraction 


were calculated, using Eq. 1 


multiple extractions, a: 


eparation would be impossible as K ap- 
The apparent termination of arseni« 
corresponding to 5x10° atom 
per em’ of germanium may, however, be inherent 
in the experimental procedures used. It is entirely 
possible that contamination to the above level with 
arsenic or other group V impurities is introduced 
during the hydrolysis and reduction processes. In 
with the re- 
duction proce indicated that 


of the source of the oxide or its prepara- 


upport of this viewpoint 


used in thi 


experience 
work ha 


regardle SN 


tion, the lower level of donor impurities is of the 
order of 10° atoms per cm’ of germanium 


Summary 
It has been shown that AsCl, can be removed from 
GeCl, by extraction with HC]! and chlorine. Germa- 
nium prepared from this purified tetrachloride con- 
tains 5x10" atoms per cm’ of arsenic, which is a 
that obtained by the more difficult distilla- 


a 
imple 


tion procedures. The extraction method | 
and readily adaptable to the quantity production of 
GeO,, either from primary from 
germanium scrap material. The extraction pro- 
cedure may be used in a batch process with two o! 
more extraction stages. To minimize loss of GeCl 
the HC! from each stage may be used in the pre- 
tage of a subsequent batch, the impure acid 
stage being used to convert the crude 


crude oxide or 


ceding 
from the first 
oxide to the tetrachloride for the extraction process 
Alternatively, the process could be adapted to con- 
tinuous extraction methods in which countercurrent 
flow of GeCl, and Cl,-HCl1 solution is maintained 
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Direct Measurement of Ferrous lon Mobility in Liquid 


lron Silicate by a Radioactive Tracer Technique 


A method is described for using radioactive tracer for the direct determination 
of ionic mobility in a molten electrolyte. The ionic mobility of Fe 
iron silicate is found to be 0.0009 ( : 0.0002) cm: sec | 


by M. T. Simnad, Ling Yang, and G. Derge 


in silica-saturated 
volt ' at 1250°C 


molten iron 


LECTROCHEMICAL studies’ of 
oxide and iron silicates have shown some ion 
conductivity at all compositions. The current effi- 
ciency in electrolysis increases with the concentra- 
tion of silica to a maximum of 90 pct at about 34 
pet SiO,. In the silica-saturated melts the transport 
number of ferrous ions is near unity, indicating that 
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vt 
Merat 


To Vacuum 
or 


Fig 1—Diagram shows 
schematic arrangement for 
the direct measurement of 
tonic mobility by radioactive 
tracer techniques 


Armco iron Siag Container 
Mo Shield 

Quartz Tube Support 
McDanel Tube 

Quartz Anode Compartment 


hh hk 


Radioactive Fe Anode 
Kanthal Furnace 
Woter Seal 

Slag 

Stopcock 

Oil-filled Trap 


In thi 
measurement of ferrous ion mobility 1 


these cations carry all of the ionic current 
pape! the 
described 
radioactive 
tracer and observe the distance traveled by 
the cation under 


The most direct approach is to use 
Iron a 
a known potential gradient in a 
The mobility is then calculated by the 
equation dL 


viven time 


tE 

where d is the distance in cm traveled by the ton 
in t sec and E is the potential in volts applied acro 
the electrodes separated by L cm 

The apparatu hown schematically in Fig. 1, |! 
imilar to that described for transport studi The 
lag container, A, which also served as the cathode 
was an ingot iron crucible. It was 4 in. deep, and 
had a wall thickne of 1/16 in. and an ID of 7% in 
Surrounding the crucible was a molybdenum shield 
B. Both the shield and the crucible rested on a silica 
tube, C, which fitted closely inside a McDanel tube 
D, 48 in. long, with a 1% in. ID. The anode com 
partment consisted of a silica tube, E, of '4 in. ID 
which could be pushed into the slag in the iron 
crucible or withdrawn from it through a gas-tight 
eal at the top of the McDanel tube. The anode, F 
was a cylindrical piece of ingot iron '%s in. diam and 
1% in. long. It was welded to the end of an iron 
wire and inserted into the anode compartment so 
that the lowe tip of the anode was about 6 in. above 
the lower end of the silica tube, E 
trolysi was plated on the lowe! 
end of the anode for a length of about * in. from 
a sulfate bath at 70°C and 0.1 amp per cm’, with 
an iron wire as anode. The plating wa 
until the electrode showed an activity of about 2,000 
counts per min. Usually about 0.3 g Fe was de 
uch an activity wa 
The measurement of mobility was carried out a 


fefore elec- 


radioactive Fe 


continued 


posited before reached 


follow Enough prefused silica-saturated iron sili- 
lag was added to the iron crucible to give a 

depth of about 1% in. after melting. The whol 
tem was assembled and put inside a Kanthal 
tance tube furnace, G. The winding of the fur 

was such that the bottom of the iron crucible 
cooler than the top in order to mini 
mize stirring by convection. A control Pt--Pt-Rh 
thermocouple attached to the furnace tube indicated 
the temperature of the latter, from which the tem 
perature of the crucible could be deduced by mean 


was about 5 


of a calibration curve. The y m was evacuated 


and flushed with argon, and slag then homo- 
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venized at 1250°C for 2 hr. The arrival of the 
lower end of the anode compartment at the 
of the lag was indicated by the disappeal 
ance of argon gas bubbles at the water seal, H, con 
nected to the top of the anode compartment and the 
bubbles at the oil-filled 
bottom of the McDanel 
tube. The silica tube which served as the anode 
compartment was lowered into the liquid slag until 
the lower end touched the bottom of the iron crucible 
Then the argon pressure inside the McDanel tube 
was increased by lowering the gla tube into the 
oil in H until the lag level inside the anode com 
partment was raised to a he ight of about 6 in. Con 
tact of the slag with the radioactive iron anode wa 
indicated by the ammeter connected in the electro 


urface 


liquid 


uppearance of argon ga 


trap, T, connected to the 


lytic circuit 

then continued at the predetet 
mined current. voltage, and time. At the end of the 
electrolysis, the topcock, S, 
of the anode compartment was closed and the anode 
compartment, with the slag in it, was pulled out of 
the liquid slag to the colder region at the upper part 
of the McDanel tube. After the furnace wa 
the anode compartment was taken out and the part 
An autoradiograph wa 


Electrolysis wa 


connected to the top 


cook d, 


containing the slag cut off 
immersion X-ray film and an 
A densitometer tracing 


taken, using double 
exposure of about one week 
was made. the distance the iron traveled during the 
electrolysis was measured, corrections applied and 
the mobility calculated 

The corrections were determined experimentally 
by blank runs in which the 
lowed without electroly 


ame procedure was fol 
The difference between 
of the blank and the elec 


correct for 


the densitometer tracing 
trolysis runs would thu 

] Scatter of the radioactivity by lag, ilica 
and film. The emitted 


anode tube, air radiation 


Fig. 2—Microdensi 
tometer tracing of 
an autoradiograph 
of a blank run at 
1250°C for 5 min 


is shown 
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photograph 
of Fe 
reaction 


Fe" 


and 
film even 


from 
ult 


activity resulting 


im the lag as a re 


of these 


The 


factor i 


mathematical analysis 
eparate pape! 


quantitative 


the ubject ofa 


Two runs will be described in which the experi- 
mental variables were combined so as to give sati 
factory measurement It obvious that too little 
electrolysis will not give a significant difference 
from the blank; too much electrolysis will leave too 


required to es- 
Elec- 
microdensitom 
min 


The several 
condition 
1250 
autoradiograph 
the 


uround 


weak an activity run 
tablish these 


trolysis wa 


are not reported 


ut Fig. 2 is a 


eter tracing of an for a 5 


blank run. It can be 
centrated at the 
tip and the 


activity was con 
the 


pread on each side 


een that 
region radioactive 
ymmetrical 
for 30 min blank runs are 
pread of the activity from 
about 1.5 There- 
dependent convection, and 

to the other 
a di 


anode 
Tracing 
and the 


“avain 


15 em 
to Fig. 2, 
central 
there 
pread of activity due 


is about 
imilar 
the 
fore 
the 
tioned did 
these 


position | cm 


was no 


factors men 
of 1.5 


not extend beyond tance cm 


under experimental condition 


Fig. 3 is the tracing from an autoradiograph 
tuken from the anode compartment after an elec 
trolysis at 0.9 amp, 40 v for 17 min. The dashed 
line is the reflection of the curve above the anode 
tip, where no electrolysis occurred, and is equiva- 
lent to the blank correction. The spread of activity 
due to the electrolytic migration of the Fe" is evi 
dent. The Fe traveled 4.0 ecm. Similarly, during 


an electrolysis at 1.2 amp, 50 v for 30 min, the Fe 


traveled 6.6 em 


If the measured distances of 4.0 and 6.6 cm are 
corrected 1.5 em, the mobilities of Fe’ at 1250°C in 
ilica-saturated iron silicate slag can be calculated 
from the equation 

dL, 
4 tk 


1800 
0.00094 


1020 and 


giving 


with d 2.5 and 5.1 cm, | 


10 and 50 v, andl 15 em 


and 0.00085 cm'‘/v sec, respectively. Average » at 
C 0.0009 + 0.0002 em’ /\ 

It is interesting to use this value of mobility in 
the conventional calculation of the elf-diffusion 
coefficient, D, by the Nernst-Einstein relation 


Ze D 
300 kT 
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where 


electron 


the 
per 
It 
the 


Fig. 3—Microdensitome 
ter tracing of an auto 
radiograph of an elec 
trolysis run at 1250°C 
for 30 min is shown 

E equals 40 v; L, 15 cm 


Z valence of the ton, 2 for Fe"; e the 
charge 80x10” electrostatic units; } 

joltzman constant, 1.38x10 ergs per degree 

mol; and T the absolute temperature. Thi 
D for at 1250°C 5.8x10° cm’ per set 

is also possible to make a formal calculation of 

concentration of the conducting ions, C, 


through the relation 


or pCFZ 
where o pecific conductance 1.1 ohm’ cm 
proportion of current carried by p 
mobility of conducting ion, Fe 0.0009 cm’ per Vv 
ec; F Faraday's constant, 96,500 coulombs per 
equivalent; and Z valence of conducting ion, 2 
This gives C — 0.0057 mol of Fe per cu cm con- 
ducting the current. The corresponding value of C, 
based on the analyzed slag composition (61 wt pet 
FeO, neglecting the mall amount of F¢ ), and 
taking the slag density as 4 g per cu cm," is C 
0.034 mol of Fe’ per cu cm 
One interpretation of this is that at any given 
instant only 17 pet of the total iron in the slag 1 
participating in ionic conduction. Further specula- 


tion as to the meaning of this result is beyond the 
cope of thi pape! 
Conclusion and Summary 

These experiments with radioactive iron tracet 
have furnished direct evidence of the electrolytic 
migration of Fe’ in silica-saturated iron silicate 
and a measurement of the mobility of Fe" at 
1250 C of pw 0.0009 cm per v set 
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XTENSIVE equilibrium measurements have been 
made to determine the sulfur potentials of a 
tems of metallurgical interest In 
reliability, to data 
which may be of use in further thermodynamic 
tablish the reliability of the 
Knudsen orifice in obtaining accurate thermodynamik 
values at high 
tion on the pressure of the 
FeS in equilibrium with tron ha 
The method ha 


pre ure measurement 


great many 
order to confirm then upply 


calculation and to ¢ 


ratures, the pre ent investiga 
above 


te m pe 
pects 
been carried out 
these 


Knudsen orifice been used for 


Experimental 
and general technique for this in 


The apparatu 
vestigation are the ame a that reported for the 
ilver To 


determination of the 
reduce the re 
chamber, a titanium getter, 
introduced, Several types of Knudsen 


vapor pressure of 
idual gas pressure in the evacuated 
maintained at run tem 
perature, wa 
used—-platinum, zircon, and fused silica 


The ortfice nm the 
mall diamond wheel 


Zircon ce 1] Wa fa hioned with a 


were used in this investiga 
work on Mo.S 

xKture wa prepared by heating a 
ample of pure FeS upplied by K. K. Kelley of 
the Bureau of Mine with exc iron powder, cp 
vrade, obtained from the Fisher Scientific Co. These 
two substance heated in a closed Armco tron 
crucible at 960 C, held in a 
mm Hg for 24 hr The ma Wa 


The ame precaution 
tion as were employed in the 
The FeS-Fe mi 


were 
vacuum of le than 10 
then removed from 


the cell and ground in an agate mortar. In this form 
it was charged to the various Knudsen cells. Heat 
ing the Knudsen cell for an additional two days wa 
ufficient to obtain constant rate of weight lo of 


ration are 


the cell. The data obtained tn this investi 
recorded in Table I 

To establish whether or not a sulfide of iron | 
volatile at these te mperature 0.7646 g of the FeS 
69.2 pet 


Fe mixture, described above and containu 


Fe, was placed in the zircon Knudsen cell. Run No 
103 to 109 were performed on it. After the compl 
tion of these run the total amount of iron left in 
the cell was obtained by chemical analy It con 
tained 0.537 ke compare d to 0.529 g in the or! nal 


charges Thu 


there was an apparent gain in iron 
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Sulfur Pressure Measurements Above FeS In 
Equilibrium With Iron 


Sulfur pressure measurements above FeS in equilibrium with iron have been carried 
out by the Knudsen orifice method. A comparison is made of the weight loss of the cell 
per unit time obtained in the above experiments, that calculated from Richardson and 
Alcock’s measurements of the S. pressure above FeS in equilibrium with iron, and the dis 
sociation constant for diatomic sulfur from spectroscopic and thermal data. 


by C. L. McCabe, C. B. Alcock, and R. G. Hudson 


of 1.5 pet is attributed to unknown exper) 
mental error, the conclusion is that no sulfide 
Table |. Summary of Experimental Data 
Duration 

Kun of Run 

No Cell cm Min i/tato Atmale 
0 ‘ 14 0 709 
102 


9 092 17 
of iron volatile The vapor pre ure of pure iron 

about one andth that of the sulfur pressure 
it these temperature The vapor pressure of iron 
inside the Knudsen cell will be almost exactly that 


of pure iron 


centage of 


th low pel 
abl obeved 
Raoult law 


ron will be 


the vapor pre 


On the a 


Fig. | 
values for log P 


calculated from the 
Knudsen cell experi 
mentals reported 
here, assuming that 
only effusing, 

vs 1/T. The solid 

, calculated 


line P 


from the data of 


Richardson and 
Alcock 


Experimental 


thie 
any event, the 
than that of pure iron and, since 


ure of 


neither iron nor FeS 1 
xtent, the total weight lo 


to the vaporization of sulfur 
Discussion and Calculations 
imption that S the only gaseou 


appreciable quantity, its pressure 


in the iron-rich phase the pet 
of the order of 0.025 pet.” At 
of sulfur Henry’s law is prob 
ulfur. Thus, the iron will obey 
vapor pressure of 


of pure iron is negligible com 
ulfur the weight lo of 
Vaiporiz tion of iron hould be 
volatile 
of the 
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Fig. 2—Values for 
(WL)/(A)(K) vs l/T 
are obtained from 
the Knudsen cell ex 


69 
| periments reported 
here, and those cal 
culated from the gas 
equilibria data of 
Richardson and Al 
g 64 *, \ \ cock in conjunction 
with the equilibrium 
\ \ constant for the re 
Cate e \ action S, 25, 
) Plotwasr assuming various 
@ Zircon \ \ suggested values for 
\ \E*. for this re 
AY \ action 
« io* 


may be calculated from the data in Table I, using 
the ordinary Knudsen formula The calculated 
given in Table I and the values are 
graphed in Fig. 1. Also shown in Fig. 1 is the pres- 
ure of S,, calculated from the gas equilibrium data 
of Richardson and Alcock It i _ if both sets 
accurate, that some other species is 
present in the ga The data 
accurate to assume that this dis- 


value are 


obviou 
of data are 
phase, and is effusing 
are sufficiently 
crepancy is due to the presence of monatomic sulfur 


Table Il. Cell Data 


Cell Ws f K 
Platinum 0.581 0.0100 0 995 
Zircon 0 552 0.0121 0 9890 
Silica 0526 00144 0.987 


ociation of 
ulfur have 
been compiled by Richardson and Jeffe Kelley” 
on the standard 


pectro copic 


Data for the 
diatomu 


standard free energy of di 
ulfur going to monatomic 
also has done extensive calculation 
free energy for thi 
ociation and thermal data. His calcu- 
umed furthe 
have been made to obtain the standard 
ociation of S 
pectroscopi values 


reaction from the 
energy of di 
lations have been a correct, and 
calculation 
free energy of di using the othe 
possible 

A small correction to the pressure calculated by 
the simple Knudsen formula is necessary to correct 
for the fact that not all of the molecule: 
from the surface of the material whose pressure i 
being measured hit the top of the cell 
tion for this can be found in papers by Whitman 
and Clausing.” Table II gives the values needed for 
The nomenclature is that of Whit 
harp No 


upply the correction for the 


vaporizing 
The correc- 
this correction 


man.” W, l, 
attempt was made to 


since the orifice edge wa 


accommodation coefficient not being equal to one 
Since agreement within 50 pct is obtained between 
the experimental results from this work and that 
calculated from other data, see Fig. 2, it is presumed 
that for S,, a 0.5. For this value of a, the correc- 
tion’ for a 1 is to add 2 pet. This is neglected, 
since the exact value for a is not known. For sulfur, 
the value of a should be very close to one 

Using the Knudsen formula, as modified by Whit 
man,’ and the assumption that S, and sulfur effuse 
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independently and without interaction, the follow- 
ing formula is easily derived 


K Pa, Ms T Ps,Ms, l ] 
(A)(K) 


The symbols are identified as follows: K, is the 
dissociation constant for diatomic sulfur going to 
monatomic sulfur, K has the same definition as that 
given by Whitman,’ P is the pressure of the species 
in question in atmospheres, A is 2658 times the ori- 
fice area in sq cm times the duration of the run in 
minutes divided by T’*, M is the molecular weight 
of the particle under consideration, and WL is the 
weight loss of the cell during the run 

The results of the above calculations are shown in 
Fig. 2. Curves L, M, N, and O show (WL)/(K)(A) 
calculated from Eq. 1, using the various energies 
of dissociation of S, from spectroscopic data,” and 
for curve L from gas density measurements by 
von Wartenburg and by Nernst.’ 

In Fig. 2 these same values, obtained in the ex- 
periments reported here, are tabulated. It is seen 
that these data fall between the values of (WL)/ 
(K)(A) from the two lowest values for the spectro- 
scopic energy of dissociation. Although the precision 
of the Knudsen data reported here is not sufficient 
to say definitely which of the spectroscopic values 
is correct, the data presented here support the selec- 
tion by Chipman and St. Pierre” of AE 83.0 
keal. Additional experimental work needs to be 
done, using a sulfide with a sulfur potential amen- 
able to Knudsen orifice measurements at higher 
temperatures, where the contribution of the mon- 
atomic sulfur will be much larger than that of 
diatomic sulfur. Then a better estimate of AE 
could be made by comparing these data with thermal 
or equilibria data, as has been done here 


Conclusion 


It has been demonstrated that Knudsen cell meas- 
urements on the system FeS-Fe-S gas give good 
agreement with the pressure of S, calculated from 
H.-H.S equilibria determinations, if correction 1s 
made for the sulfur atoms present in the gas phase 
above Fe-FeS 
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ETAL can be recovered from a leach solution 

either indirectly by precipitation as a com- 
pound that is later reduced or directly by electrolysis, 
cementation, or chemical reduction, for example, 
with hydrogen. The widely electrowinning 
processes suffer from the inefficiency of converting 
fuel to low voltage dc and from low current effi- 
ciency when complete recovery is attempted. With 
the batch hydrogen methods outlined 
here, a unit of fuel converted to hydrogen in modern 
gas reform plants will make two to three times a: 
much metal as can be obtained with electrolysi: 
With continuous hydrogen reduction, four to six 
much metal is obtained 


used 


reduction 


times a 

Precipitation by reducing a metal salt solution 
with H, has been known for almost 100 years.’ Com- 
mercial use of the proce however, awaited the 
research and development program initiated by 
Chemical Construction Corp. Within the last few 
years this program has brought about construction 
of commercial plants, listed on p. 701 

Ideal hydrogen reduction will precipitate a pure 
metal from a solution obtained by commercial leach- 
ing methods at a rapid rate without excessive tem 
peratures and pressures. The metal precipitate will 
be of desired size and density, less than a percent 
left in the vessel wetted 
parts 

The present discussion will outline Chemical Con- 
struction Corp.’s early development program and will 
discu the chemistry and mechanics of reducing 
copper, nickel, cobalt, and cadmium from solution 
by H.. Work on selective reduction of nickel from 
cobalt has been described earlier.’ 

The article is not concerned with precipitation of 
copper by disproportionation of cuprous solution: 
where yield is limited’ to 50 pet.* It does not discuss 


being deposited on the 


* Copper precipitation t disproportion, 2 Cu* Cu* Cur, ta 
due t nstat of the cur sion Cup 1 can be stabilized 
by f tion of complexes, eg. with CO or ammonia. Removal of 
co fr olu t bx ng or by ipplicatio of 

acuun yw the neutralization of a cuprous ammine solution with 
w copper precipitatior 


use of gaseous reducing agents other than hydrogen 
such as SO, which may lead to contamination with 
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sulfur, or CO," which is considerably more expen- 
sive than hydrogen and produces a gaseous reaction 


product, CO:.t The article does not include use of 


t Formatio 
smmoniacai 
ret. 6 


other nongaseous reducing agents,’ which are far 
more expensive than CO 
engineering design, and performance of commercial 


plant 


prope! 
complex 
agitation 


Precipitation of Metal from Salt Solution 
By Reduction with Hydrogen 


Early work on chemical precipitation of metals from metal salt solutions is reviewed. 
The chemistry and thermodynamics of precipitating copper, nickel, cobalt, and cadmium 
metals by reaction with hydrogen are discussed. Mechanisms of metal precipitation, nu- 
cleation, growth, and agglomeration are reviewed, as well as some solubility phenomena of 
gases and solids at elevated temperatures. Experimental data presented deal mainly with 
the reaction of copper sulfate solution with Hp. 


by F. A. Schaufelberger 


n of toxic 
nickel 


have been given elsewhere.” 

It will be shown that a pure metal can be pre 
cipitated by reduction with hydrogen from solutions 
obtained by commercial leaching methods when the 
olution composition is controlled and proper acidity, 
metal ion concentration through controlled 
formation 
pension of metal and for 


for 


of reducing 
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excessive 
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control 
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Fig. 1—Potential of | and 10° molar metal solutions, and 

hydrogen potential at varying pH (25°C) 


overemphasized. The pioneer work of the Ipatiew 
has been continued in Russia” with the 
report by Tronev, Bondin, and Khrenova 


most recent 
‘on reduc 
nickel, cobaltous and cobaltic am- 
ulfate with hy- 


work, however, was carried 


tion of coppel 
moniacal chloride and olution 
Most of thi 


olution 


droge n 
out in unbuffered 


Reduction Equilibrium 
A. Calculation of Equilibrium: Reduction of di- 
valent metal ions such as copper, nickel, cobalt, lead, 
and cadmium by hydrogen may be written a 


M** + H: = + 2H” [1] 


with an equilibrium constant K (neglecting activity 
coefficients) 
K [2] 


where brackets denote molar concentrations and P 
the pressure in atmosphere 

The degree to which thi is given 
thermodynamic equation for the 


F (cal) or, more conveniently, 


reaction occult 
by the familiar 
free energy change 


the potential E (volt) 


AF 23,060 nE RT InK [3] 

Reduction solutions 
with H, attain commercially attractive rates only at 
temperatures higher than 70°C. Extrapolation of 
thermodynamic data is certain to be speculative, 
but actual data at elevated temperatures are not 
available. It is therefore convenient first to calculate 
E for room tempe then to attempt 
to approximate E for elevated temperature and 
briefly the effect of variation in 


of copper, ni ke l, and cobalt 


rature conditions, 


finally to discus: 
experimental condition 

Fig. 1 plots the variation in E at 25°C for 1 and 
0.001 M concentrations of the metal ions of interest, 
and also the hydrogen potential at various pH values 
and at 1 and 100 atm H, partial pressure (fugacity 
at 100 atm and 25°C 106.1 atm”). Of course, the 
metal potential is affected by pH only indirectly, 
since the metal concentration is a function of pH 
due to complex or hydroxide formation. For reduc- 
tion to proceed, the hydrogen potential must exceed 
the metal potential. It appears possible to reduce 
metals up to cadmium, perhaps including iron but 
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Fig. 2—Solubility of hydrogen (standard temperature and 
pressure) in water at varying temperatures and pressures 
(From Industrial and Engineering Chemistry, 1952, vol. 44, 
p. 1147.) 


hardly zinc. Cadmium turned out to be the least 
noble metal to be precipitated in pure form at 
industrially satisfactory yields and rates 

It will be noted from Fig. 1 that a hundredfold 
increase in hydrogen pressure is comparable to an 
increase of one pH unit 

Calculating reduction equilibria in aqueous solu- 
tion for elevated temperatures is difficult in view of 
the uncertainty in estimating the effect of temper- 
ature on the entropies of solutes, undis- 
ociated molecules. Since there are ions on both 
sides of the equation, temperature changes in en- 
were assumed roughly to cancel out. Thi 
good approximation, but 


ions, 


tropie 
is admittedly not a very 
good as any in the absence of experi- 
4 was used to calculate reduction 


it appears a 
mental data. Eq 
equilibria using room temperature data 


A Pe = — Savx (T — 298) [4] 


It is based on the assumption that the reaction en- 
tropy at temperature, T, A S,, is equal to the 
reaction entropy at 25°C, A Sax. Most of the data 
were taken from Latimer,” but for cobalt and nickel 
the data obtained by Haring” were selected. Data 
by Cobble” and Yatsmirsky-Grafova” were used to 
compute entropies of the ammine complexes 

B. Solubility of Solids and Gases in Water at High 
Temperatures: Solubility of most metal compounds 
in water Increases with temperature up to 120° to 
150°C but then decreases with further 
temperature and becomes zero at temperatures ap- 
proaching the critical temperature of water, 373°C.” 
Even at 250°C, solubility of most metal sulfates has 
decreased to less than 1 gpl. At elevated tem- 
solubility of basic metal salts and hy- 
markedly decreased, and they 


increasing 


peratures 
droxides Is also 
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Fig. 3—Reduction equilibria of CuSO,, NiSO,, and CoSO, in 
aqueous solution with H. (490 psig partial pressure). Reduc 
tions carried out at 200°C. pH measurements taken after 
quenching to 25°C. Calculated figures are computed for 
200°C for solutions containing mo (NH,).SO,. For Ni solu 
tions containing (NH,).SO,, computation includes cooling 
to 25°C. (Reprinted from Transactions of the Institution of 
Mining and Metallurgy, London, 1954/1955, vol. 64, p. 379.) 


will often precipitate out at reduction temperature 

from solutions of considerably higher acid strength 
than at room temperature. The experience of early 
investigators | o full of references to such pre 

cipitates that it is easy to see the importance of con 
trolling solution composition and using temperature 

below 250°C to achieve pure metal precipitates. Of 
course, some high temperature precipitates may re 
duce as a solid phase and others may redissolve a 
the reduction proceeds; others may influence the 
reduction favorably, as hydrogen activators or a 


nuclei, In reduction from ammoniacal solutions hy 
drolysis is particularly important, but the present 
discussion will have to be limited to the reduction 
of the metal ion only 

Ga olubilities in water, on the other hand, de 
crease with temperature increase up to about 80°C 
and then markedly increase with further increasing 
temperature ee Fig. 2 

The unusual trend in gas solubility has been asso- 
ciated with the change in the structure of water 
from quasi-crystalline at room temperature to close 
packed at higher temperature. At 200°C the struc 
ture of water is apparently similar to that of organi 
olvents, such as benzene, at room temperature” and 
how imilar solvent characteristic The structure 
of water is noticeably affected by pressures only 
above 5000 psi, or above reduction pressures under 
consideration here.* 

C. Effect of Reaction Variables: Inspection of Eq 
2 indicates that thermodynamics of metal reduction 
is favored by a low H’ concentration, a high M"* con 
centration, and high hydrogen pressure 

1. Illustrative Experiment Table I outlines the re- 
ults of various experiments qualitatively, illustrat 
ing the effect of M” and H’° ion concentrations on 
reduction of nickel by hydrogen in various environ 
ment A low nickel concentration was chosen to 
prevent complication by precipitation of basic nickel 
alts. The technique is described on page 704 
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Fig. 4—Reduction equilibrium of cobaltous ammine sulfate 
with H. at 200°C and 500 psig H, partial pressure 


With nickel chloride, only 5 pet of the nickel wa 


reduced because the H’ ions that formed during the 


reduction—-HCl being completely dissociated-—had 
reduced the pH to a point where nickel reduction 
had to stop. In the experiment with nickel sulfate, 
the moderately stable bisulfate ion is formed and 
about 10 pet of the nickel was reduced before the 
olution became too acid. When ammonium sulfate 
was added to the nickel sulfate, the hydrogen ion 
produced were increasingly neutralized by forma 
tion of bisulfate, and this buffering allowed half the 
nickel to be reduced before the solution was too acid 

When ammonium acetate was added, the hydrogen 
ions produced were tied up as largely undissociated 
acetic acid, and the solution was eGmpletely stripped 
of nickel without becoming too acid. Nickel sulfate 
plus pyridine reacts to form a weak nicke} complex, 
but pyridine is not a strong enough base o the 
olution became too acidic and the reaction stopped 

In the next experiment the nickel was complexed 
with a stronger base, ammonia, and the solution was 


Table |. Hydrogen Reduction of Various Nickel Solutions® 


Approximate 


Keduction Final pu 
at Koow 
Selution libriam, Pet Temperatare 
vic 19 
sO i 22 
) iH 14 
0 H ‘ 41 
7 20 
NH H wh oF 
Ke 110 
Ni 02 tempe ture Hy pressure « 1000 palg 
buffered with ammonium sulfate. The ammonia 


raised the pH so that hydrogen became a stronget 
reducing agent, but it also decreased the concentra 
tion of nickel tion in solution by complex formation 
© that it was harder to reduce. This buffering and 
complexing also prevented nickel compounds from 
precipitating in the alkaline solution 

In the experiment with KCN, the concentration of 
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Fig. 5—Rate of reduction of CuSO, solution with H, at 204°C 
and with varying H, partial pressures. Charge, gpl: 10 Cu as 
sulfate, 5 Fe as sulfate, 120 H.SO,, 200 (NH,),SO., and 80 
Cu powder 


| 

| 


‘ 


Fig. 6—Rate of reduction of CuSO, solution with H,. Charge, 


ap! 10 Cu as sulfate, 5 Fe as sulfate, 120 H.SO,, or as indi 
cated, 80 Cu as powder; 200 psig. H, partial pressure. Vary 
ing temperatures 177°, 204°, 232°C at 120 H.SO,) and 


(5, 120, 138 gpl H,SO, at 


varying initial acid concentrations 


204°C) 
nickel ion in solution was so low, because of CN 
complexing, that reduction could not be obtained 


even at pH 11 

2. Effect of Hydrogen lon Concentration: The equi- 
librium concentrations of copper, nickel, and cobalt 
sulfate calculated Eq. 4 available 
room temperature data. Accordingly the free energic 


were from and 


of reduction for CuSO, NiSO,, and CoSO, are some 
what more negative, i.e... more favorable at 200°C 
compared with 25°C. The difference appears negli 


and amount than 1 to 


gible for copper to not more 
2 keal for nickel and cobalt 

Autoclave experiments were run to determine at 
200°C and 490 psi hydrogen partial pressure the 


nickel and cobalt concentrations in equilibrium with 
pH value Results of experi- 


3. Ordinate 


hydrogen at variou 


hown in Fig 


ments and calculations are 

values represent the molar concentrations of the 
dissolved metal. The calculated pH values pertain 
to the reaction temperature; the experimental pH 
values were of nece ity obtained at room tempera 


ture after cooling a sample from the autoclave. How- 
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ever, the pH at room temperature is expected to 
approximate the actual hydrogen ion activity at 
200°C because the stable HSO, ion appears to be- 
even more stable with rise in temperature 
It will be noted that copper can be essentially quan- 
titatively reduced in strong acid solutions with a 
calculated pH of —3, or 1000 M acid. Although this 
could not be checked experimentally, complete re- 
duction has been obtained from sulfuric acid solu- 
tions as strong as 20 pct. The data also show that 
cobalt and nickel can be reduced to 0.01 M (0.6 gpl) 
at pH values of 3.3 and 2.75 respectively 

Selective reduction at controlled acid strength is 
indicated for commercially acceptable separation of 
copper, nickel, and cobalt from each other and from 
other metals likely to be found in leach liquors, for 
example, iron, zinc, aluminum, and magnesium 
Experiments in stepwise selective reduction which 
how the sharp separation of two metals with poten- 
tials as close as those of nickel and cobalt have been 
reported in another paper.’ 

Data on the effect of ammonium sulfate on reduc- 
tion of NiSO, are also included in Fig. 3. With am- 
monium sulfate present, reduction appears to pro- 
ceed to a lower pH value before equilibrium is 
The pH is chiefly determined by the bi- 
The 


come 


reached 


ulfate-sulfate buffer system second dissocia- 


tion constant of H.SO, which is 1.25 x 10° at 25°C 
has been estimated to be 5.1 x 10°* at 200°C. The 


hydrogen ion activity at reduction equilibrium 
therefore will increase upon cooling and furnish a 
pH somewhat more acid than the actual acidity at 


reduction conditions, satisfying the expression: 
(SO, ] 


5 
[HSO, | [9] 


1.25 x 10 
In contrast to the above discussed reductions with- 
sulfate, these equilibria with am- 
monium sulfate were calculated for room tempera- 
ture, using Eq. 5 to convert the equilibrium com- 
puted for 200°C to room temperature 

For calculation purposes the activity of the metal 
and about 0.1 in 


out ammonium 


ion at 200°C was assumed to be 1 

the presence of ammonium sulfate, taking into 
account the formation of sulfate complexes.” Experi- 
mental data checked the calculated data closely 


enough to support the assumptions made 
Additional experiments studying the reverse re- 
the dissolution of metal in H,SO, under H 


gave magnitude agreement 


action, 


pressure, an order of 


It is interesting to note that while nickel metal dis- 
olves easily in 1 pet H,SO, to produce H, gas at 
atmospheric pressure, 500 psi H, partial pressure 
will stop nickel dissolution in 1 pet H.SO,—-0.5 M 


nickel solution 

3. Effect of Metal Ion Concentration: 
concentration depends upon complexing 
pH which controls the precipitation of basic com- 


Metal 
and 


ion 


also 


pounds 

Ammonia is an economical for 
the pH of the solution and thus obtaining a more 
favorable thermodynamics for metal reduction. On 
the other hand, ammonia is also an efficient com- 
plexing agent for copper, nickel, cobalt, and cad- 
mium, and the metal ion concentration in such 
solutions is therefore considerably diminished ac- 


reagent raising 


cording to 
[NH,]" 


{M(NH,)."*] 


In Table II overall dissociation constants k, 
tandard potentials are given for a number of metal 


[6] 


and 
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Fig. 7—Rate of reduction of CuSO, solution with H, (200 
psig partial pressure) at 204°C, with varying sulfate con 
centration. Charge, gp!: 10 Cu as sulfate, 120 H,SO,, 80 
Cu powder; 5 Fe as sulfate, except second curve from top 
15. (NH,)SO, as indicated 


ammiunes 7 log k + log 55” data are also in- 


cluded. This expression was introduced by Bjerrum 
a few years ago” as a more convenient way for ex- 
pressing the strength with which the ligands are 
held. N is the number of uniformly bound ligand 

Z the corresponding coordination number, and k the 


mean complexity constant of the system 

It should be noted that due to the decrease of 
metal ion concentration the potential for the amminse 
is higher. However, the increase is le than the 
increase in the hydrogen potential with a change 
from acid to ammoniacal solution, and all these 
complexed solutions are thermodynamically re 
ducible by hydrogen from ammoniacal solution 

In contrast to its behavior in acidic solution, 
bivalent cobalt in ammoniacal solution is more 
noble than nickel. This is due to the increased dis- 
ociation of the cobaltous ammine complex, the 
dissociation constant being 1.25 x 10°, as against 
18x 10° for nickelous ammine 

Also it appears that a certain nickel-cobalt sepa- 
ration can be obtained in acid but that in ammoniacal 
solution cobalt should reduce ahead of nickel, How- 
ever, some selective nickel reduction has also been 
obtained in ammoniacal solution. ” This indicate 
that nickel reduces at a faster rate than cobalt 

The reduction of divalent metals from ammoniacal 
be written 


H 


solutions may 


M 


2NH, M° + 2NH, [7] 


or 


(NH,"] NH," ]’- [NH,]** 
[NH,]’ k,-{M(NH,).""] Pw [8] 


Evaluating this equation at 200°C with room 
temperature data again requires the simplifying 
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assumptions used with Eq. 2. This gives K,.- 


4.78 x 10° for the reduction of Co(NH,),’*. Assuming 
Keun 4x 10°, activity coefficient of NH, 0.5, 
and of NH, and the ammine complex 0.2, the 
curves of Fig. 4 were obtained. These curves were 
checked by experimental reduction for 0.2 and 2.0 
mols per liter (NH,),SO, 

The presence of k, in the denominator in Eq. 8 in- 
dicates that reduction of weak complexes is favored 
It is apparent that high concentrations of ammonium 
salts and free NH, (except in diammine reduction) 
adversely affect the reduction equilibrium, see Fig. 4 

Eq. 8 is valid only for one particular complex, 
whereas actually a number of different complexes 
exist that should be taken into account in an exact 
treatment of the system. It should be remembered 
that during the course of the reduction the total 
metal ion concentration decreases and 2M NH,:M 
metal are converted to (NH,).SO, For example, if 
a mol ratio of 4 NH,:Co is used at the start, after 
90 pet reduction the mol ration is 22 NH,:Co. With 
increasing NH,:Co ratio the complexing increases 
faste! 


and cobalt ion concentration decreases much 


Table I! Copper, Nickel, and Cobalt Ammines* 


Standard Potential (25°C) (velts) Dissectation Constant of Ammine 


lonic Solution Ammine Solution N 
log + log 55 


0.12 x 10 7.2 

Cu 0.337 CuiNH 0.05 47 x10 0 
Ni 0251 H 049 18 «10 42 
Co 0278 vi 0 42 125 x 10 26 
2 x 76 


than the total cobalt concentration. It would seem 
that the use of more than 2 NH,:Co would be un- 
desirable because the reduction would not go to 
completion. However, the lower ammines are not 
very stable at reduction temperatures, and an am 
monia ratio initially somewhat above 2 may be re- 
quired to prevent hydrolysi Hydrolysis can also 
be minimized by adding (NH,).SO,. In commercial 


4 


‘ 


Fig. &8—Rate of reduction of nickel Tetrammine sulfate 
solution at 232°C with 450 psig H, partial pressure, with 
and without nickel seed 
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Fig. 9—Crystalline copper precipitated at 80°C from 
Cu,(CO),SO, solution by slow disproportionation. X300 


practice, in cobalt reduction 3 NH,:Co is used with 
0.4 M (NH,).SO, while in nickel reduction about 2 
NH,: Ni is used with up to 2 M (NH,).SO,. In other 
words, extra ammonia has been found better for 
cobalt and extra (NH,).SO, has been found better 
for nickel in order to control both precipitation of 
nonmetallic compounds at the beginning of the re- 
duction and the adverse effect of high NH,: metal 
and high (NH,).SO, at the end. The situation is 
even more involved when ammoniacal copper car- 
leach liquor) are 
olution is present 


bonate solutions (serap copper 


reduced, Copper in ammoniacal 
in two valence states and numerous complexes be- 
tween Cu’, Cu", NH, and carbonate exist. When 
CO is used as reducing agent, additional complexing 
of Cu’ with CO occurs. Not only is the picture 
complex at the start; the more 
complicated during the course of reduction as NH, 
and CO, are liberated, resulting in an increase of 
their partial pressures and a corresponding decrease 


ituation become 


ure of the reducing ga 
Data in Fig. 1 
ure has 


of the partial pre 

4 Effect of Hydrogen Pressure 
show that increasing hydrogen partial pre 
mall effect on reduction equilibrium compared to 
the effect of pH. Use of high H, partial pressures is 
therefore not justified thermodynamically 


Mechanics and Kinetics 
been pointed out that high pressures and 
are not needed for hydrogen reduction 
Yet commercial operation 


It ha 
temperature 
of most metal solutions 
in plants using hydrogen reduction employs tem- 
peratures of 140° to 200°C and pressures of 400 to 
800 psig, of which at least half is H, partial pressure 
These conditions, according to present knowledge, 
have been found justifiable in order to obtain com- 
mercial reduction rates. They are still far less than 
those used by earlier investigators 

For a useful process it is not enough merely to 
make metal from its solution at a reasonable rate 
It is also necessary to get the metal product in a 
form suitable for discharge from the reduction auto- 
that is, as a sand 
than as plate on the walls of the 
pebbles. Obtaining metal in suitable form is also a 
kinetic rather than an equilibrium phenomenon 


clave ized powder product rather 


autoclave or as 
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Fig. 10—Copper powder. H, reduced from CuSO,-H.SO, so 
lution at 200°C. No seed. Agglomerates of crystals are re 
sult of precipitation by H, at high reaction rate in commer 
cial-type reaction. X25 


It is readily admitted that at the present time no 
attempt to formulate a complete kinetic explanation 
of metal reduction can reasonably be contemplated 
Furthermore, the diversity of reduction kinetics 
makes the experimental picture very complex to 
present in full. To maintain the introductory char- 
acter of this article an illustrative discussion is pre- 
sented of the mechanics and kinetics of the reduc- 
tion process and semiquantitative data on one sys- 
tem only, the reduction of CuSO, with H 

A. Effect of Reduction Conditions: Primary con- 
trollable variables in hydrogen reduction are hy- 
drogen pressure, temperature, solution composition, 
amount and kind of seed metal added, and agitation 
employed 

Example 
was carried out with dilute copper 
of the last compartments 


Reduction of CuSO,: The investigation 
olution to ap- 


proximate the condition 
in a continuous reduction system where the rates 
Also, complications due to possible 
avoided 


will be least 
formation of nonmetallic precipitates are 
Preliminary experiments on reproducibility indi- 
cated that data can be reproduced to a fair degree 
if heat-up effects are ignored. Some seed (oxidized 
surface) is leached during the heat-up period and 
causes some difference in copper concentration at 
zero time. The ordinates in Figs. 5 to 8 indicate con- 
centration of metal remaining to be reduced 

] Hydrogen Pressure: Effect of variation of the 
hydrogen partial pressure is shown in Fig. 5. The 
straight line portion of the curves in Fig. 5 at the 
lower hydrogen partial pressure indicates that the 
reaction may be controlled by dissolving hydrogen 
but at the higher partial pressure this effect dis 
appears 

2. Effect of Temperature: A similar set of experi- 
ments was run with fixed hydrogen pressure at 
various temperatures. Results are shown in Fig. 6 
It may be noted that the rate is considerably in- 
creased with temperature 

3. Effect of Acidity: Also included in Fig. 6 are 
curves for reduction of solution with varying con- 
centrations of acid initially present. The adverse 
effect of acid on the reduction equilibrium was noted 
in the theoretical discussion. Rate of reduction is 
also reduced by increasing acid strength 
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4. Effect of Sulfate: Presence of sulfate, on the 
other hand, (NH,),SO, or FeSO,, for example, in- 
creased the rate considerably, as shown in Fig. 7 

5. Effect of Seed: In all the experiments of this 
ection 80 gpl of copper seed was present. Seed used 
in these was produced by dispropor- 
tionation of an ammoniacal cuprous sulfate solution 
Under these conditions the copper 
powder product consists mostly of octahedral crys- 
tals as illustrated in Fig. 9. Increase in copper powde1 
hardly increases the rate of reduction. This is in 
marked contrast to conditions in nickel or cobalt 
reduction, Fig, 8 

6 Effect of Agitation 
certain reduction tests gave a slow rate because 
they were diffusion-controlled. It will be shown 
below that the use of seed is frequently desirable 
to activate H, or to facilitate growth. To avoid dif- 
fusion-controlled reactions and to suspend the seed 
adequate agitation is needed. In 
agitation designed to keep 


experiment 


by acidification 


It has been mentioned that 


metal powder, 
general this ts 
the solids suspended and to maintain a good gas- 
liquid transfer. This is important for reactions car- 


ried out in expensive pressure vessels where eco- 


intense 


nomic considerations require that reaction time be 
maintained at a minimum. Although above tests on 
CuSO, were all carried out with the same agitation, 
hould always be taken 
and unfortunately comparison and scale 


experimental reduction data 
as relative 
particularly for such complex re 


till far from being fully under 


up Of agitation 
action systems, are 
tood 

B. General Mechanism: Figs. 9 to 16 indicate the 
nature and variety of the powder product obtained 
from reduction It may be noted that the usual 
highly agglomerated, but well 
metal particles can be obtained 


metal product 1 
formed crystalline 

Metal preparation by reduction of the metal ion 
from solution with H, is composed of nucleation, 
growth, and agglomeration phenomena. Nucleation 
formation from the metal ton 

particle of metal. Growth for 


is the homogeneou 

of the smallest stable 
the present purposes | 
of metal onto a solid 
Agglomeration i: 


the atom-by-atom deposition 
urface, whether a metal o1 
foreign surface the clustering of 
two or more 


which can be permanently cemented together by an 


metal particle to form an aggregat 


overgrowth of metal 


reduced from Ni(NH,),SO, 
NH,).SO. solution at 200°C, on seed. X50 For cross sec 
tion see Fig. 12 


Fig. 11—Nickel powder, H 
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e The Chemico metals technique Is proving its 
worth, as several plants are now operating close 
to or at capacity and consistently produce copper, 
nickel, and cobalt of commercially attractive 
purity at competitive costs 

e Having met contract performance, American 
Cyanamid Co. turned over operation of the Calera 
plant of Howe Sound Mining Co. to its owners on 
Dec. 8, 1955. A practical commercial operation, 
the plant is reported to have produced in March 
250,000 lb of cobalt containing 3 to 4 pet Ni 

e Sherritt Gordon operations for 1955, includ 
ing an ammonia leach of the company’s own de 
sign, have already been reported as satisfactory 
and are said to have exceeded plant capacity 
Twenty-five tons of nickel per day and some co 
balt are now produced 

@ National Lead’s Fredericktown plant for re- 
covery of copper, nickel, and cobalt from 50 tpd 
of low grade sulfide concentrate is said to operate 
at about two-thirds capacity 

e The Whitaker Metals Co. scrap copper leach 
plant has recovered as much as 240,000 Ib per 
month of a premium product for the copper metal 
powder market. The plant is now operated by 
Fluor Corp. as a semi-pilot plant 

e Freeport Sulphur Co.’s demonstration plant 
for recovery of nickel and cobalt from 50 tons of 
Cuban laterite per day is reported to be operating 
satisfactorily at full capacity 

e Chemical Construction Corp., which did all 
the early research and development work and the 
design and construction of the plant, was sold by 
American Cyanamid Co, to Ebasco in April 1956 
Negotiations are in progress for sale of the metals 
processes patents 


Earlier kinetic and electron microscopy study on 
gold sols by Turkevich et al. should be mentioned 

Qualitative reducibility of a given metal ion natu 
rally depends on the chemical nature of the metal 
complexed by 
mole 


ion, that is, on whether the ion 1s 
water, chloride, ammonia, or even organi 
instance, appears to 
olution 
than from an ammine complex in an aqueou olvent 

Metallic cadmium was precipitated in small yields 
by H, reduction from several ammiune sulfate solu 
tions at 224 C and 1200 psi total pressure. A par 
however, is obtained 


cules. Cadmium acetate, for 
reduce much more rapidly from an alcohol 


metal product 
65 and #80 pet, re pectively, 


ticularly pure 
in good yield from ua 
0.5 M cadmium acetate 
propanol at 200 C and 500 ps H 

In thi 


ammine complexe 


olution in methanol or iso 
partial pressure 
noted that cobalt 
table from 


connection it may be 
often are markedly 
a kinetic viewpoint 

l Nucleation: Homogeneous nucleation of metal 
usually difficult compared to their growth 
reduction of copper, nickel, and cobalt 
from ammoniacal solution will usually nucleate only 


with difficulty but will readily grow additional metal 


particles | 
For xample 


already present. On the 
olution nu 


onto metal irface 
hand, reduction of copper from acidic 
cleats 


because 


(and readily, presumably merely 


a larger number of metal ions are available 


ZrOwWS) 


in acidic solution. In ammoniacal solution the prob 
lem is therefore one of supplying a metal surface, 
or seed, for growth. In early work at Chemical Con 
truction Corp. this was accomplished by grinding 


Hows Ver, 


ource of contamination of the 


the oversize metal product grinding | 


cumbersome and a 
product; also it is not possible to restore the original 
internal surface of the early precipitate It soon 
became evident that improved means of nucleation 


had to be developed, such as: 1) use of a nongaseou 
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Fig. 13-——-Nickel powder H, 


seed. X75 


Fig. 14 
der obtained by H, reduction of NiSO,-H.SO, 
200°C. Area shown is approximately 3u wide 
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Fig. 12-—-Cross section of a Fig. 11 type of nickel powder 
H, precipitation from ammoniacal sulfate solution on seed 
Note growth by agglomeration and deposition (onion struc 


reduced from acidic NiSO, 
(NH,),SO, solution in continuous operation at 200°C. No 


Electron micrograph of nickel needles from a pow 


solution at 


reducing agent (e.g., hypophosphite or hydrazine) 
to produce a fine metal colloid from a minor portuon 
of the solution; 2) performing a self-nucleating acid 
reduction on a minor part of the solution; or 3) usé 
of solid compounds that catalyze the growth of metal 
by H, reduction. 

Nickel and cobalt metal, certain oxides, and vari- 
ous other hydrogen activating compounds are used 
industrially for hydrogenation of unsaturated organi 
compounds. It appears plausible that such com- 
pounds would also catalyze a metal reduction. Het- 
erogeneous Catalysis was indeed found to be impor- 
tant for the nucleation of metal in reduction by H,, 
and it happens in the case of nickel and cobalt pre- 
cipitation that the reduction products themselves 
are among a number of possible hydrogenation 
catalysts. On the homogeneous catalytic activation 
of H, by Ag’, Hg’, or Cu", see Halpern.” 

It should be noted that it is often difficult to decide 
whether in a given reduction run the metal had 
truly nucleated in the bulk of the solution or whether 
reduction was initiated on accidental impurities 
such as dirt or oil from the stuffing box 

2. Growth: Crystal growth is a sequence of dis- 
solution, bulk diffusion, surface adsorption, surface 
diffusion, chemical reaction, deposition, desorption, 
and other reactions, and the kinetics of growth is 
concerned with the kinetics of that sequence. Gross 
reaction rate during a reduction should somehow 
depend, in a first approximation, upon the effective 
metal ion concentration, the H, molecule concentra- 
tion (in solution), the metal surface area, and tem- 
perature. Other effects of lesser immediate interest 
include the variation in growth rate between dif- 
ferent crystal faces, activity coefficients, and poison- 
ing of the metal surface by adsorption 

Quantitative studies of growth kinetics are se 

verely obscured by agglomeration of particles dur- 
ing reduction, which makes it difficult to determine 
urface areas. Also, as described above in reduction 
from ammoniacal solution the varying NH,:M”™ and 
NH, mol ratios during reduction cause a varying 
effective concentration of metal ion. For the present 
purpose, however, it is evident that the amount of 
surface area is important, see Fig. 8, and that the 
nucleation reaction noted above should give a high 
area of metal. The structure of the nickel powder 
shown in Fig. 12 indicates growth by deposition 
(onion structure) and agglomeration 

Even the mechanism by which crystal growth 
occurs is not clear. Recent investigations increas- 
ingly support a screw dislocation mechanism fo! 
crystal growth rather than the classical two-dimen- 
sional, surface nucleation viewpoint. In metal re- 
duction, a filamental type of crystal growth has often 
been observed which appears to be the result of a 
dislocation mechanism, see Fig. 14 and ref. 30 

Since cobalt and nickel metal are ferromagnetic, 
it would perhaps be expected that growth of these 
metals in a magnetic field would affect the growth 
kinetics or at least the magnetic properties of the 
resulting metal crystals. In the laboratory of Chemi- 
cal Construction Corp. W. G. Courtney has observed 
an increase in the coercive force of these metals 
when they were prepared in a magnetic field by 
reduction with hypophosphite. However, he could 
observe no effect on the coercive force in reduction 
by H,. This suggests a qualitatively different growth 
mechanism with the two different reducing agents." 

3. Agglomeration: From colloid chemistry it is 
known that, unless stabilized, solid particles in the 
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size range of 0.1 to 5 w agglomerate. A particle may 
aggiomerate either to another particle or to the 
autoclave wall. According to theory, the tendency 


to occur de pe nds 


for either type of agglomeration 
ipon particle concentrations, surface area of the 
wall, type and degree of adsorption of ions onto the 
urfaces of the particles and walls, degree of agita- 
tion, and many other factors. Appropriate data at 
elevated temperature are again lacking; even at 
room temperature the agglomeration process is not 
well understood 

Agglomeration is doubly undesirable. Agglomera- 
tion between particles decreases the total metal sul 
face area and thus the reduction rate. Agglomera 
tion to the wall, or wall plating, Fig. 15, not only 
removes metal trom the immediate production but 
also requires equipment downtime for its periodi 
removal. After plating starts there is a catalytically 
active metal surface on which additional metal will 
be easily deposited, unless a much larger surface of 
metal in the bulk solution is provided in the form 
of metal seed particles. On the other hand, agglom 
eration, in cases of slow growth, is the only mech- 
anism available to consolidate small particles to 
form metal powder coarse enough to prevent it 
redissolution in subsequent washing steps or dusting 
in drying operation 

Two observations from separate and dissimila! 
tudies will be given to illustrate the agglomeration 
process. Successive samples of a NiSO, reduction 
conducted at slow rate howed that in the first 
ample the nonagglomerated particles have a siz 
range of 0.1 to 0.4 » (by electron microscope). In 
the second sample taken a few minutes later, the 
particles are either 0.5 to 0.8 w or are agglomerate 
of 2 to 5 total diamete! 

An autoclave with gla walls (a sight glass) wa 
used to reduce copper from an ammune carbonate 
olution with CO. As the temperature was increased 
toward 120 C, a Tyndall effect was noted A few 
minutes later, presumably after a critical particl 
ize had been reached, a sudden coagulation o¢ 
curred which formed a few visible agglomerates in 
the bulk of the solution and rapidly coated the gla 
wall with copper foil 

Purity 

Impurities in a metal reduction can arise from 
1) superficial entrapments of solid salts or solution 
during agglomeration of metal particles, 2) entrap- 
ment by agglomeration but followed by an over 
growth of additional metal, or 3) an intimate mix 
ture of impurity and metal atoms arising from 
incorporation of impurity atoms during the atom 
by -atom growth of metal during reduction 

Reduction from insufficiently buffered ammoniacal 
olution at excessive temperatures may lead to im 
pure powder The fluffy basic metal compound 
that precipitate on heating up are likely to retain 
impurities, and since such compounds normally re 
duce directly by solid-gas reaction without being 
redissolved as reduction proceeds, contamination by 
carbon from carbonate or sulfur from sulfate solu 
tion, oxygen, or contained impurities is in certain 
cast expected 

It is also possible at temperatures near 250°C to 
reduce sulfate to sulfide with hydrogen. Another 
reason for using control of environment to facilitate 
reduction is that such high temperatures are not 
needed 

Pure metals can also be obtained from impure 


olutions. Impuriti uch as iron, zinc, aluminum 


TRANSACTIONS AIME 


Fig 


with Fig 


F 


Note 


ig. 16—Cobalt powder HH. reduced from Co(NH,),SO, 


NH,).SO 


solution at 200°C, on seed Highly densified 
how im contrast to Fig |! surface of agglomerate is 
smoothed out by subsequent metal deposition. X75 


15—Nickel foil and agglomerates as stripped trom the 
walls of the autoclave Reduction of an ammoniacal nickel 
solution at 175°C with H. No seed was provided. Compare 
13, nickel from an equally unseeded reduction, but 
from a self nucleating acid system. X3 


and magnesium ure not reduced to metal and will 
not contaminate the metal powder if kept in solu 
tion. Copper powder containing 0.005 pet Fe ha: 
Table tll. Analyses of Copper, Nickel, and Cobalt Powders 

Nol No Neo Not Ne 5 Ne. 7 

Ca Ni Ni Ni fe Ce Ce 
Cu GU G4 001 0.02 
N m9 72 wo 74 01 O54 
2 “27 0 08 O07 
Zt nil 
Pt 
0.02 006 0.05 
H 

fifferent piloting opera 

been produced in acid reduction from solution con 
tainis te 15 cobalt and nickel 
f resent, do not contaminate copper if the copper 
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is reduced from solution with a pH of less than 1 
where, a own by Fig. 3, cobalt or nickel are not 
In one commer- 
cial operation copper 1 olution 
richer in nickel and cobalt than in copper and the 
than 0.01 pet of each, 


reduced at equilibrium condition 
reduced from a 


powder produced analyzes le 
nickel and cobalt 

Copper analyzing 99.99 pct has been produced 
from sulfate and from carbonate solutions. In Table 
Ill a few product analyses from various industrial 
and larger piloting operations are given 

In general each problem is different and any re 
quired purity can be obtains d by a combination of 
controlled reduction with prepurification and sub- 
equent wa hing 

Apparatus 

Experimental data presented here have been ob 
tained during the course of a program of appled 
research extending over a period of several year 
Autoclaves used include rocker bombs, 1l-gal auto 
clave heated with Dowtherm jackets or with ga 
and usually equipped with a liner. Temperatures are 
usually controlled within 2° to 5 °C. A few exper! 
ments have been run in 10 and 25-gal autoclave 
These are heated with a steam coil 

Although the air in the clave could be removed 
by heating and venting, because many solutions may 
contain ammonia, it has been the standard practice 
to purge the clave with nitrogen before heating 


The pressure vessels were usually provided with 
ample line ome having porous stainle teel o1 
tantalum microfilter for sampling at operating 


temperature and pressure into sample bomb In 
experiments of qualitative nature, the pressure ve 
els were cooled before discharging, although some 
redissolution of metal may have resulted 
Considerable quantities of reducing gases are con- 
umed in these reduction reaction In view of thei 
low solubility, maintenance of good absorption and 
diffusion rate by uitable tirring is important.” 
Various types of agitation have been employed 
Most of the 
actions that occur during a reduction appear to be 
yreatly affected by what may be called the hydro 
dynamics or the stirring pattern, which in turn are 
larwely functions of the geometry of the stirrer and 
vessel, of the stirring rate, of the composition of 
the solution, and of the reaction conditions. Efficient 


dispersion of solids ( eed metal, catalysts and newly 


various physical and chemical re- 


good gas di 
tribution. Excessive centrifugal action should be 
avoided in order not to plaster the autoclave wall 
with growing metal particlk Rough 
undesirable, as they become coated much faste! 


precipitated metal) is as important a 


urtace are 


Precipitated powdered metal was usually washed 
alcohol, and acetone or ether and then 
team bath In some tests the powder: 


with water 
dried on a 
were dried with hydrogen at elevated temperature 
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aime 


news 


Section Award to 
Honor Frank J. Tone 


The Niagara Frontier Section 
AIME, has announced the establish 


ment of the Frank J. Tone Award, 


to be presented annually for out 
tanding contributions to the field 
of mining or metallurgy in this area 
The award, honoring the late Frank 
J. Tone, formerly president of the 
Carborundum Co ha been en 
dowed by hi on F. Jerome Tone 
and Franchot Tone Announcement 
of the new award wa made by 
David Swan, Section Chairman, at 
the banquet Tuesday evening, March 
20. in connection with the AIME Re 
gional Reactive Metals Conference 
held at Hotel Statler, Buffalo 

A pioneer in the fields of electro 
thermal abrasive and refractorie 
Frank J. Tone made many improve 
ments in metallurgical furnaces and 
methods for their manufacture. He 
was born in 1868 in Bergen, New 
York, attending public schools there 
After graduation from Cornell Uni 
versity in 1891 as an electrical eng: 


neer, he began his busine career at 
the Thomson-Houston Co followed 
by two year ervice with the Pitt 


burgh Railway Co. In 1895 he 
joined the Carborundum Co. becom 
ing plant superintendent, then work 
manager. He became president of the 
company in 1919, in which post he 
erved for the remainder of hi 
career. He died July 26, 1944 

Dr. Tone also served as president 
of the Globar Corp., director in the 
Power City Bank, president of the 
Republic Carbon Co., and director 
of Canadian Carborundum Co. Hi 
affiliations included membership in 
AIME, American Institute of Chem: 
cal Engineer Society of Chemical 
Industry of London, American Chem- 
ical Society; he was also past-pre 
dent of the Electrochemical Society 
Awarded medals at the Paris Ex 
position in 1900, Pan-American Buf 
falo 1901, St. Louis 1904, the Schoell 
kopf Medal of the American Chem: 
cal Society in 1931 the Edward 
Goodrich Acneson Medal and Award 
of the Electrochemical Society, 1935 


and the Perkin Medal Award of the Cecil E. Hall, Massachusetts Institute 
American Chemical Society, 1938. he of Technology Cambridge Ma 
also received an honorary Doctor’ and Robley C. William University 
degree from the University of Pitt of California, Berkeley, Calif 
burgh in 1935 The course is designed to provide 

In 1900 he married Gertrude Fran an intensive survey of basic theory 
chot, daughter of the prominent and interpretations of results. Regi Et 
N. Y. State Senator. They had two tration is limited to a small group to 2 
ons, F Jerome presently vice assure ample facilits for each stu f 
president of the Carborundum Co dent to pursue laboratory work in ‘J 
and Franchot Tone, the well-known hi pecial field at an introductory or 

tar of stage creen, and television advanced level 

Details of the administration of Inquirie hould be addressed to 
this award will be announced later Prof Jjenjamin M. Siegel, Dept 


of Engineering Rockefeller 
Hall, Cornell Univ., Ithaca, N. Y 


ECPD Submits New 
Engineering Definition Deadline Set for 1957 


A new definition of engineering ° 
Wi ubmitted by the Engineer Annual Meeting Papers 
Council for Professional Develop 


ment, and approved by the AIME Sept. 15, 1956, is the deadline for 
the Institute of Metals Div. paper 


for the 1957 New Orleans Annual 


joard of Directors at their February 


meeting It tate Engineering i 
the profession in which a knowledge Meeting, and the deadline for all 
of the mathematical and physical Iron and Steel Div. and Extractive 


Metallurgy Div. papers that can be 
considered for preprinting. Paper 
received by this deadline but requir 


cence gained through study, prac 
tice, and experience is applied with 
judgment to the known material 


and forces of nature for the comfort ing revision may not be processed in 
health afety. and welfare of man time to permit scheduling for thi 
kind meeting 


For IMD papers, authors are re 
quested to ubmit their paper in 
four copies to Institute headquarte 


Laboratory Course The IMD Programs Committee, for 
At Cornell University effective programming consider 


papers at the same time they are 
A ummer laboratory course in ubmitted for publication The 
technique and application of the fourth copy will be transmitted to 
electron micro cope will be offered the IMD Programs Committees The 
again this year by the dept. of engi other three copies are needed by the 
neering physi at Cornell Univer Publhecations Committees in accord 
ity Ithaca N Y. The two-week ance with the procedure followed in 
course under the direction of Benja the past 
min M. Siegel will run from June 11 EMD and ISD paper hould be 
to June 23. Guest lecturer include ubmitted in three copie 


Sept. 15, 1956 is the deadline for Institute of Metals Div papers (4 copies) for the 
1957 New Orleans Annual Meeting and the deadline for all lron & Steel Div and 
Extractive Metallurgy Div papers (3 copies) that are to be considered tor preprinting 
Papers received by this deadline but requiring revision may not be processed in time 
to permit scheduling for this meeting 


MAY 1956, JOURNAL OF METALS—705 


4 
AS 
$e 
= 
al 


Three Metals Branch Divisions Report on Year’s Achievements 


IMD Shows Balanced Budget For Year a and — — 1955 
1c error 0 wiessrs 


by combined 
Kinnear, Long, and Schlechten, with 


The Annual IMD busine meeting powder metallurgy, physics of met- 
held on February 22, revealed that als, titanium and nuclear metallurgy great assistance from the EMD com- 
for the first time in its history, the Each committee has contributed at mittee chairmen. Many compliments 
IMD and the Metal jranch have least one symposium this year and and encouraging remarks were re 
completed a year of great activity the nuclear metallurgy group had ceived from readers, but the editors 
with a balanced budget. This achieve two. As a result of the excellent re- soon discovered that interesting and 
ment is the result of planning and ception afforded the symposium on appropriate material is hard to find 
effort et in motion everal years high te mperature metallurgy in Phil- By common consent it is antic ipated 
ago. In 1949 the Metals Branch defi adelphia, a temporary committee has that only one or two issues will be 
cit was $60,666, and advertising in been formed to study the possibility attempted in 1956 
come for the year was $13,000. The of setting up a permanent committee During the past year the first EMD 
war had ended and the Branch was in this important field. Two volumes Best Paper Award was granted to 
caught in the trap of an increa covering the papers presented at the T. R. A. Davey, formerly at Port 
ing spiral in both the quantity of ymposia on nuclear metallurgy Pirie, now employed at the Nord- 
research paper and publication have been published in low-cost deutsche Affinerie in Hamburg, who 
charge form, and no deficit is anticipated contributed two papers to the Jour- 

In subsequent years, economies in The Niagara Frontier Section may NAL OF METALS on desilverizing and 
operation, the expansion of adver even publish the proceedings of their dezincing lead bullion. The award is 
tising revenue to the $45-50,000 forthcoming conference. In addition, financed by a fund to which a num- 
level and an increase in dues from the IMD has accepted an invitation ber of metal companies contribute 
$15-20 per year, have cut this deficit from AcTA METALLURGICA to become through the efforts of T. D. Jones. A 
in half. Secondly, recognizing that one of its five sponsoring societies, committee, with J. D. Sullivan as 
industry would support a coopera- with the provision that the financial chairman, worked diligently during 
tive publication service benefiting responsibility will not exceed $2,000 the past year to establish the rules 
industrial metallurgical research, the per year. Half of this amount will be and to make the first award 
Board of Directors agreed to the paid from IMD operating income and The technical program at the An- 
IMD proposal that a Metals Branch half from AIME funds, by approval nual Meeting featured a wide variety 
Publication Fund be established. The of the Board of Directors of papers which ranged from those 
olicitations carried out entirely by The IMD is operated by an execu- that described details of practice, to 
members and staff, have netted the tive committee and a number of im others concerned strictly with theory 


fund $66,775 from 68 contributors. It portant standing committees, but Likewise, the metals discussed in- 
was necessary to proceed cautiously their activities and progress are the cluded not only the old standbys of 
on the publication page budget while result of the personal efforts of a copper, lead, and zinc, but also great 
the fund was being established. Con- large group of its members. Their attention was given to uranium, 
equently, this year not as many joint efforts are to be commended titanium, and even newer metal 

pare were published as desired since IMD is, today, in the strongest These papers were gathered by the 
Using $23,184 from the fund during position it has yet reached with the various committees and finally co- 
1955 helped to balance the budget excellence of its programs, publica- ordinated by John Kinnear, Jr., who 
easily. It is hoped that the fund's tions and financial structure was program chairman in 1955. Under 
minimum can be kept at $30,000 an- a new arrangement one-third of the 
nually, which will keep the Branch membership of each committee ts 


changed each year in an attempt to 


abreast of new research result . 
The has EMD Presents First draw more members into the activi- 


executive committee 
ties of the division 


tackled expansion services to men 


ber Considerable progre has been 


made along four line The reor reached a high point with the An 
ganization and increased activity of The program of the Extractive nual Stag Luncheon at the Hotel 
the program committee has made Metallurgy Div. at the February 1956 New Yorker on February 22, which 
possible additional symposia on sub meeting was a fitting climax to a had an unexpectedly large attend- 
jects of great interest, and an im year of hard work on the part of ance including a number of former 
proved arrangement for the presenta many members, especially those presidents of the Institute. President 
tion of research papers by means of erving on the divisional committees Carl Reistle spoke a few words of 
research seminar, research summary, So many excellent papers were greeting before the main addre 
and research-in-progre eSSIONS presented that it was necessary which was given by Dean Curtis L 
We have presented six symposia thi to schedule simultaneous sessions, Wilson of the Missouri School of 
vear—-three in Philadelphia and which meant that those who attended Mines and Metallurgy. Dean Wilson 
three at the present meeting, These missed at least 50 pet of the technical mixed wisdom and humor to the ob- 
programs have been responsible for program vious appreciation of his audience 
increased attendance, which reached The problem of scheduling so As a final act of busine retiring 
the record figure of 850 at the Phila many papers at the Annual Meeting Chairman A. W. Schlechten turned 
delphia meeting. The program com has given rise to the suggestion that over the gavel to John C. Kinnear 
mittee has also been active in the more extractive metallurgy papers Jr., EMD Chairman for 1956 


expansion of regional meetings, other be scheduled at regional meetings The increased membership in the 
than in New England and the north This arrangement would also tend to EMD, and the large number of 
west where they have been estab arouse more interest in the division, papers being submitted are evidence 
lished for some time among the EMD members who do of a renewed interest in extractive 

\ third direction of progress has not get to the New York meetings metallurgy. Large scale production 
been with special committees on Four issues of an EMD Newsletter of new metals and the application of 
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unusual techniques to both new and 
old metals has stirred up activity to 
a high degree. MBD members too, 
are recognizing the importance of 
hydrometallurgical extractive proc- 
esses and even IMD members are 
writing about metal refining 


ISD Reports Most 
Successful Year 


The Blast Furnace Coke Oven and 
Raw Material Committee, under the 
chairmanship of Kurt Neustaetter 
and the National Open Hearth Steel 
Committee, under Lee Lambing, met 
in April 1955, at the Bellevue Strat- 
ford Hotel in Philadelphia for thei: 
38th conference. The two committees 
visited Fairless Works, United States 
Steel Corp. Mr Neustaetter’s com 
mittee had a record registration of 
432 member 

A novel feature of the conference 
was the successful joint half-day ses 
sion of the blast furnace and open 
hearth operators led by Carl Hog 
berg and Dan Loughrey 

The Bessemer Committee under 
Arthur Wilder had its most success 
ful year. In the spring of 1955, this 
committee met for two days in Ham 
ilton, Ontario. The 52 members in 
attendance, watched the oxygen steel 
making process at Dominion Foundry 
& Steel Co. In February 1956 at the 
Annual Meeting in New York City, 
the Bessemer Committee held a spe 
cial luncheon to celebrate the cen- 
tennial anniversary of the invention 
of the Bessemer process. All of the 
bessemer and oxygen steel operators 
and metallurgists from the U. S. and 
Canada and several from Europe, 
were in attendance at this histori 
function 

The Electric Furnace Steelmaking 
Committee, with Charles Staley a: 
chairman, held a record breaking 
meeting in Pittsburgh in December 
1955. The Allegheny Ludlum Steel 
Corp. served as host company for the 
luncheon and plant visit 

The Physical Chemistry of Steel 
making Committee, under Franci 
Boulger fostered many valuable 
metallurgical sessions at the Annual 
Meeting and at various conferences 
and section meetings. This commit 
tee is now completing a most worth 
while project—a book on the physi 
cal chemistry of electric furnace 
teelmaking. AIME will publish it 
in the near future 

The new Mechanical Working 
Committee, with Michael Tenen 
baum a chairman, held it econd 
ession at the Annual Meeting in 
New York. The main feature of the 
well attended se ion was the excel 
lent report of drafting practices on 
bloon ing and labbing mill 
comprehensive 


primary 
compiled fron 
questionnaire covering 85 pet of the 
primary rolling mills in the U. S& 


and Canada 


Engineering Library To 
Exhibit French Books 


Some 250 French scientific and 
technical books will be exhibited at 
the Engineering Societies Library, 
29 West 39 St., N.Y.C. during June 
1956 Here educator 
scientists, and researchers will be 
able to browse through 
books made available by the cul 
tural division of the French Em 
bassy, New York, through the co 
operation of the leading publishing 
firms in France. One of the purpose 
of the exhibit is to keep American 
engineering educator: 
informed of the 
French 


engineers, 


selected 


engineers, 
and researchers 
advances made by their 
colleagues 

The exhibit will be in the Reading 
Room of the Engineering Societies 
Library which will be open Mon 
days through Saturdays, 10 am to 
5 pm during June 


MIT Sponsors June 
Steel Program 


A special two-week summer pro- 
gram on Metallurgy of Iron and 
Steelmaking is scheduled by the 
Massachusetts Institute of Technol- 
ogy, for June 18-29. Designed as ; 
review for men in this field or for 
those whose formal education is in- 
adequate for their present needs, thi 
will study the pertinent 
basic concepts of thermodynami 
and physical chemistry. Laboratory 
studies of reactions in iron and steel 
making will be described and appli 
cation of the result discussed 
Among the top to be investigated 
upply and properties of 


program 


are heat 


Cooling Plates of all binds 
Nose 


Cooled Boh Plaves 


Licensed Producers 
of NI-VEE 
Bronze Castings 


refractories in furnace construction, 
and problems with the solidification 
of steel castings and ingots 

The program will be under the 
joint direction of John Chipman 
head of MIT metallurgy dept., John 
F. Elliott and Thomas B. King, MIT 
professors of metal, and F. Denys 
Richardson of Imperial College in 
London. Among the guest lecturer 
from industry are four from U. S 
Steel Corp.; and Herbert L. Graham 
Jones & Laughlin, Donald C. Hilty 
Electro Metallurgical Co., and John 
S. Marsh, Bethlehem Steel Co 

Registrants for the special sum 
mer ession may reserve room in 
the Institute’s dormitories. All MIT 
recreational facilities, including the 
swimming pool and sailing pavilion 
will be available for their use, Full 
details and application blanks may 
be obtained from the Summer Ses 
sion Office, Room 7-103, MIT, Cam 
bridge 39 


Funds Available From 
Ordnance Research 
Office On Application 


The Office of Ordnance Research 
has initiated an application form for 
those planning to submit proposal 
for research funds. This form is an 
outgrowth of material needed by the 
Office for the administration of it 
research program, It i 
by university busine 
their records. Individual 
in undertaking projects in Ordnance 
basic research, may obtain these ap 
plication form by writing to the 
Office of Ordnance Research, U. S 
Army, Box CM, Duke Station, Dur 
ham, North Carolina; request Form 
CS-51 


also required 
offices for 
interested 


SmEETH-Harwoop COMPANY 
(0524 Vincennes Ave, Chicago 20, 
In Canode—The William Kennedy & Sons, Owen Sound, Onterie 


Blast Furnace Copper Castings — 
a also Brass and Bronze Mill Castings a 
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Regional Reactive 
Metals Meeting 
Held in Buffalo 


The Regional Reactive Metals Con- 
ference ponsored by the Niagara 
Frontier Section, was held at Hotel 
Statler juffalo, March 19 through 
21, with an attendance of 471. It was 
the first meeting of it kind any- 
ubject of reactive 
production, properties 
forming and application of the 
metal of the columbium 
beryllium, vanadium, rhe 
titanium, and 


where, on the 
metal The 


future 
tantalun 
molybdenum 
zirconium—were considered in two 
days of technical se« ion The third 
day wa devoted to plant visit to 
the Metals Research Laboratories of 
Electro Metallurgical Co. at Niagara 
Falls and the Cornell Aeronautical 
Laboratory in Buffalo 

One of the features of the three- 
day meeting was the banquet held 
on Tuesday evening, March 20. Un- 
fortunately, the scheduled speaker, 
Willy Ley, well known rocket ex 
pert, was unable to be present be- 
cause of illne A. B. Kinzel, vice 
president research, Union Carbide 
and Carbon Corp., spoke in his place 
on Research—-A State of Mind. Dr 
Kinzel stated that a good research 
man must have these qualities: per- 
onal integrity; ability to concentrate 
with an all-absorbing interest in the 
ubject; ability to sift facts; courage 
to persevere when the going 1 
rough: and faith to continue al 
though the road ahead is not clear 
Within the researcher's mind there 
must be dissatisfaction—a problem 
The research man first collects all 
the facts, rearranges them in all pos 
ible permutations and combinations, 
attempting to find a solution. He 
then starts experimentation in ordet 
to check the fact His subconscious 
mind goes to work and the con 
cious mind may bring forth the 
olution. If not, then more experi 
mentation 1 necessary before the 
reached, This pattern of 
ential to the 
sential for success 


answer 1 

thought, e 
man, is in fact, e 
in any field of endeavor 


research 


Serving as toastmaster at the din- 
ner was the Honorable William B 
Lawl president of the Council of 
the City of Buffalo 

Chairmen of the various commit 
tee arranging the Conference and 
contributing to it ucet were 
General Conference Chairman, D. C 
Hilty: Administration and Finance 
Committee C. W. Hart; Exhibits 
Committe Cc. W. F. Jacobs: Local 
Arrangements Committee, H. J. Cut- 
ler: Publicity Committee, G. L. Cox; 
Registration Committee, D. L. Clark; 
Program Committee, R. W. Fountain; 
Attendance and Section Co-ordinat 
ing Committee, F. J. Shortsleeve; 
and Plant Visitation Committee, L 
W. Smith 
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MLRICAN INSTITUTE 
ING®@METALLURGIC 


Pinch hit speaker for absent Willy Ley was A. B. Kinzel (center) flanked at left by 
toastmaster William B. Lawless; at right by Walter A. Dean, AIME Vice President 


The Menday evening panel discussion on reactive metals in atomic energy, included ex 
perts Frank Foote, Benjamin Lustman, moderator John Chipman and, Harley A. Wilhelm 


MEMBERSHIP 
COMMITTEE 


There was much activity ot the Membership Committee booth where new members 
were solicited from among those attending who wore blue bordered badges 


| 
Be 
til’ 
| || ® 
> 
5 
\u 


Gordon Research Conference Announced For Bessemer Search Begins 

. ° A search is on for the oldest steel 
June 11 to August 31 in New Hampshire ta 
In this. the vear of the Bessemer 
Centennial, the Bessemer Steel Com 


New Hampshire will be the site of of Chemistry, Univ. of Rhode Island, 


the 1956 Gordon Research Confer Kingston, R. I. After June 11, ad - 
ence of the American Association dre inquiries to Colby J1 College, mittee of AIME would like to give 
for the Advancement of Science, to New London, N. H appropriate recognition to such an ; 
be held from June 11 to August 31 fat the olde 
taneously at Colby Junior College, 
New London, New Hampton School MISTAKEN IDENTITY 
and Kimball Union Academy at The picture of the Metals omnes Steel Connmit. 
Meriden Branch award winners on the tee. c/o National Tube Div U Ss 
Established to stimulate research top right of p. 467 in the an- Steel Corp., Pittsburgh 
in universities, research foundations nual meeting story, JOURNAL OF ee 
and industrial labs, the conferences Meracs, April, 1956, incorrectly 
work toward this end by offering an identified Otwin Cuscoleca as Lack of facilities will preclude 
informal type of meeting with lec second from left. The cap any exhibits by industrial com 
tures, and free discussion groups tion should have read Andre panies at the Annual Meeting 
The program's purpose is not to Guinier. in New Orleans next February 
review the known fields of chemis 


try. Instead, it brings experts up-to 
date on the latest developments, tries 
to analyze new trends and to pro 
voke suggestions about underlying 


theories and profitable methods of Round Up Time 


approach to achieve progre 


Two meetings will be of particu 
lar interest to metallurgists. From 
June 18-22, the New Hampton con- 


ference will deal with Metals at ty’ Gr 
High Temperatures. W. Hibbard will 

be chairman of the discussion on ey = 
Creep Deformation, while G. J RS 

Dienes will lead the talks on Grain }> \\ ) 

Boundarie Fracture. Strength of 

Materials will be the topic chaired ) | > 

by N. J. Grant. The investigation of 4 
Oxidation will be led by J. Frye, and AME SAYS 
C. E. Birchenall will deal with the _ 4.4 
Growth of Oxides on Metals and 
Alloy oe The Strays And 


From July 23-27, Chemistry and 


ogies 
Dog 


Physics of Metals will be under scru $ } 
tiny at New Hampton. Equilibria of * as 
olid gas, liquid alloy and slag metal : / 
are scheduled for discussion : 


Those planning to attend are re 


quested to send applications to the A IME 

director tating the institution or ities . MEMBERSHIP. .. 
company with which they are con iS AMUST. 
nected and the type of work in ~ A1M.E. IS YOUR PROFESSIONAL SOCIETY 
which they are interested. Attend 
ance at each conference is limited to 
100. Information may be obtained 


from W. George Parks, director, Dept When round up time comes around what it means to you, just to steet 
out in the cattle country, all hand them to the corral 
pitch in and the work is quickly and The dog are our recent gradu 
AIME Adopts New Seal effectively completed. When all the ates who, on January Ist, were auto 
With the adoption of the new name cattle are in, those already branded matically transferred to Junior Mem 
of the Institute, including the word and in good shape are cut out, and bership. There will be a new crop 
Petroleum, it ha eemed desirable particular attention 1 paid to the oon graduation day 1956 1 fast 
to design a new emblen hown on trays and the dogie approaching. There are also Junior 
p. 449 of this 1 ie. The crossed ham- We've had our round up in New Members who reached the age where 
mers have been the ymbol of min- York. But what about the strays and they are transferred to Associate 
and and metallurgy for hundreds of the dogies” Membership. Why not extend to 
yeal ind long before oil was di The strays are those members of them the hand of friendship which 
covered in quantity. The new design our profession, our associate who has characterized our profession, We 
include omething characteristic of haven't been branded as members of need these younger met they are 
the petroleum industry as well. The AIME. Everyone of us, by looking the leaders of the future . 
new emblems are expected to be around, can find many of these who So why not imitate Mr. AIMEable, 
available early in the ummer at could be brought into the fold. By the Symbol of yout! Member hip a 
which time members will be advised giving us their names and addresse Committee? Mount your trusty Cay 
The price will probably be the same you can help the Member hip Con use, get out i lariat, and help u é 
as for the former pin, $4 plus 10 pet mittee in their work. While vou are rope them in. This is round up time 
tax The emblem will be available at it. vou can do a little elling on C. E. Golson® % 
as a pin, lapel button, or tie clasp what AIME has done for you and e. ume N ’ erent 
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© Defying superstition, the St. Louis © The Carlsbad Potash Section was James W. Tyssee, safety manager, 
Section held a dinner meeting on host to the El Paso Metals Section Republic Steel Corp., addressed the 
Friday April 13 at the Hotel York in on March 27, 1956, for a dinne1 group, emphasizing the need for 
St. Louis. Featured speaker was L meeting at the Riverside Country management alertne to unsafe 
M. Pidgeon, head of the de pt. of Club in Carlsbad, N. M. Featured practices which can be altered be 
metallurgical engineering at the peaker for the evening was A. M fore accidents occur. L. G. Ekholm, 
Univer ity of Toronto Canada Dr Gaudin of Ma achusett Institute U.S Steel, followed with a film on 
Pidgeon addressed the group on of Technology who addressed the ingot mould casting Then John 
Future Trend n Reactive Metal groups on the subject of The Leach- Stukel, Youngstown Sheet & Tube 
Production. A member of CIM. he ing of Uranium Co., described future trends in pneu 
has been on the staff of the National ‘ T oO uding 
Research Council of Canada where © The El Paso Metals Section met on ~ Stet 


he worked on electrochemical prob March 14, 1956 in the Mirror Room : . ' : 
' of the Hotel Cortez, El Paso, Texa Corp., Ont., Canada, detailed experi 


ler and was research director for 

ments made at his plant using basic 

Dominion Magnesium, Ltd Featured speaker at the dinne 

brick in checker 
meeting was C. C. Homan, Jr., as 

Light & Power istant chief engineer, El Paso Nat Toa 
ural Gas Co., who discussed his com Dinner, Joseph urner, introduce¢ 
the featured speaker, T. P. Gresham 


The Connecticut 
Co. Auditorium in Waterbury Conn., 


Ww ia the cone of the Connecticut pany and it ubsidiarie president of Bethany College, W. Va 
Section meeting on March 14, 1956 © A new local section has been Dr. Gresham suggested that, to be 
Thirty-three member and guest carved out of territory formerly in effective in a busine organization, 
were present the area of the Delta Section. It will a man must have four needs ful 
William E Milligan. Section Chair- be known as the Evangeline Section, filled; ego atisfaction recognition 
man presided until the new slate of and comprises the following Louisi and appreciation from associates, 
officers wa elected They are Albert ana parishe Vermillion, Jefferson gratification of esthetic, moral and 
! Blank Chairman Delmar E Davis, Allen, Evangeline, Acadia, intellectual need 
frout, Vice Chairman; A. Clyde Wil Lafayette, St. Landry, Points Coupee, James Smith, new ection chau 
helm, Jr., Secretary-Treasurer: and St. Martin, West Baton Rouge, Iber man, served as host for the annual 
- committee chairmen, Richard M ville, and Iberia. Chairman of the meeting He was assisted by John F 
rreco, Publicity; and James H. Mohr, new section is Drew Cornell. D. D Beale. the newly elected secretary 
Membership. George H. Eichelman Jones is Secretary 
Jr. is Member-at-Large — 


The Metals and Mining Groups of — @ The Ohio Valley Section has start- 


First speaker of the evening wa 


C. Reginald Marsland plant metal the Philadelphia Section held a joint ed a physical metallurg eminar. 
lurgist, Handy & Harman Co. Fair meeting on March 29, 1956, at the (six-week Spring session beginning 
field, Conn., who discussed the Pro Lenape Club. The meeting wa pre April 17th) on Mechanical Metal- 
duction of Silver Alloy Sheet and ceded by a cocktail hour lurgy. Sessions are held on Tue 
Strip from Metal Powders. George W. C. Mearns, of the International days at 5:15 pm in the auditorium at 
W. Cleveland, research me tallurgist, Nickel Co presented a 45-min color Battelle Memorial Institute 
Bridgeport bra Co Bridgeport movie on Mining for Nickel, Thi 

Conn poke on the Production of film presented a comprehensive view A new sound color film on Ductile 
Welded Aluminum Tube The con of the modern technique employed Cast Iron is being offered for tech- 
cluding leeture W i presented by in the mining of nickel ores at Sud- nical society meetings, by Interna- 
Lloyd E. Raymond, metallurgist for bury. This film started with illustra- tional Nickel Co. The 16 mm movie 
Singer Manufacturing Co. in Bridge tions of modern exploration method runs 16 min and shows the micro- 


structure of ductile cast iron in 
which graphite occurs in spheroids 
instead of flake form. The limits of 
stress and strain for this iron are 
charted by graph and its mechanical 


port, Conn. Mr. Raymond detailed and then showed clearly ix differ- 


the Steam Ovvidation of Steel. ex ent techniques for removing the ore 
thi A very enjoyable and informative 


plaining — the advantage of 
technique of producing the black 


question period followed the film 


; oxide coating on steel, over that em e The Northern Ohio Section en roperties, similar to steel, are shown 
ploying caustic salt joyed a record breaking attendance tests 
© The Washi ‘ D. C. Sects of $25 at their annual off-the-record 
© Washington, D.C, Section held technical session, March 6. at the Prints of the film are free, except 
on h 6 at the Hotel Pick-Ohio in Youngstown for shipping costs, and should be of 
— 2 — ~s pe aker wa Ervin Wentz, U. S. Steel Corp., and special interest to AIME regional 
ow n executive secretary, Robert P. Hill of Sharon Steel Corp sections. Bookings can be made 
Co-ordinating Committee on Mat were co-chairmen of the successful through Rothacker Inc., 729 Seventh 
rials, Dept. of Defense. Mr. Garrett meeting, jointly sponsored by NOHC Ave., or International Nickel Co., 
addressed the group on the topic of and Bessemer Steel Committee Inc., 67 Wall St., both in N.Y.C. 


titanium metal His talk was fol 
lowed by a film on the mining and 


processing of ilmenite 

The annual technical meeting of 

the Lehigh Valley Section was held Long Range Planning Committee Report 
on Friday, March 30 at 7 pm. Mem The Long Range Planning Committee report has been re 
bers and guests who convened at the ceived by the Board of Director for consideration at the 
Hotel Bethlehem in Bethlehem, heard June Board of Directors meeting. Action on the report ha 
Morris Bradley, manager of public not been taken 

relations for M. A. Hanna Co., dis The report will be published in the June issue of Journat 
cuss Labrador iron ore, from devel or Metats. Copies of the report are now available upon 
opment to production. Mr. Bradley request from AIME headquarters 

illustrated his lecture with films 
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| the Sections 


JAMES COPELAND 


James M. Copeland wa 
named senior project metallurgist by) 
the International Busine 
Corp. A member of IBM since 1951 
Mi Copeland l a native of Port 
land, Ore. He studied at the Univer 
ity of Washingtor the 

School of Mine ind Stevens Insti 
tute of Technology 


« 


Albert E. Forster was elected chai 
man of the board of director Het 
cules Powder Co. He Anson 
B. Nixon who retired but will re 
board. Mr. Forster wa 


ident of the con pan) in 


icceed 


main on the 
elected pre 
1953. Re-elected vice president vere 
Wyly M. Billing, John J. B. Fulen- 
wider, John B. Johnson, John R. L. 
Johnson, Jr., Edward B. Murrow and 


Philip B. Stull. 


Arthur F. Kohn, Jr. has been pro 


moted fron iperintendent of the 
Lo \r ele plant to a tant to the 
eneral manager of the Federated 
Metals Diy American Smeltiu & 
Refining Co vith headquartet 
Perth Ambo N. J. Mr. Kohn joined 
the compan n 1935, a year after 
vgraduating from the Universit of 
Mict n. He i A ked at the Chi 
cago and Whit Ind., ASARCO 
plant Additional appointments it 
the Federated Metals Div. are: B. E. 
Anderson, chief engineer, Salt Lake 
Cit ind Robert Dean Mathis, supe: 
ntendent of the Los Angeles plant 


Eric B. T. Kindquist is the new pre 


dent of Everite Co. Ine n Brook 
lyn. He was former] e president 
anda ene i inager CGarfie 1 Wire 
Div... Ove ikes Corp., Garfield, N. J 


Carl K. Stewart, formerly with the 
Internatior Nickel Co now 


Wright Corp., N. J 


a oined the 


Eugene J. Lenar | 


Dodge Steel Co in Philadelphia 
Previously Mr Lenar wa chief 
metallurgist for West Michigan Steel 


Foundry Co. in Muskegon Mich 


Fred H. Johnson has been promoted 
to engineering consultant to the vice 
president, Inland Steel Co., Chicago 
from his post a 
the company 


chief engineer in 


William C. Aitkenhead wa 


by the 


four-month 
refining 
Dr. Aitkenhead, an 
known metallurgist, | 
Washington State 


i head 
tation 
erve 


ersonals 


chosen 
United Nations to make a 
tudy of electrolytic zine 
method in Yugoslavia 
internationally 
on leave from 
College where he 
experiment 
month to 


ot the mining 
He left last 
technical expert under the 


Blair L. Sackett has retired as metal 
lurgical manager of Tooele melter 
operations, International Smelting & 
Refining Co in Salt Lake City, a 
ubsidiar' of Anaconda Co A 
member of the firm since 1912, Mr 
Sackett also served as consultant for 
their exploration dept. He 1 uc 

ceeded by Carlos Bardwell who wa 
uperintendent of the Tooele plant 
Mi sjardwell Anaconda-In 
ternational 43 years ago, after re 

ceiving his B.S 


joined 


degree in chemical 
Univer ity of 
chau 


engineering from the 
Utah Both men are 
men of AIME’s Utah 

Other company promotions are: G, 
A. Burt, a tant metallurgical man 
Salt Lake City; W. J. McKenna, 
general superintendent at Tooele; E. 
W. Steinbach, assistant general u 
perintendent; and T. W. Saylor, lead 
plant superintendent 


forme! 


ection 


THOMAS K. GRAHAM 


Thomas K. Graham has been ap 


pointed manager of thie Raritan 
Copper Works, International Smelt 
ing & Refining Co., at Perth Amb 

N. J. He icceeds Lorin W. Kemp 
who | retiring after 42 year of 
‘ ‘ ith Anaconda, the parent 
cf pa \ graduate of Ma chu 
ett Institute of Technolos Mi 
Grahar began in the research de 
partn ent of Anaconda Montar a 
transferring to the reduction work 
nm 1936 here he ha erved till now 


expanded 
gram of the UN. A few year 
Aitkenhead made 
on Zine 
in Yugoslavia 
il the 
metallurg 
truction, near Belgrade 


pleting 


Italy and 
of oxidized zine ore there 


ny 


Ihsan 
chert 


tan 


Pechnu 


Robert G. Thompson ha 
to chief of the ray 


moted 


engineering di 


ipplied researcl 


roeville 
formerly 
d 
Pittst 


Thomas Drever ha 
board of director of Ameri 


to the 


nee 1910, Mr 


Hag 


al examiner in Lahore 


cle elopmer 


WILLIAM C AITKENHEAD 


technical assistance pro 
ago Di 
preliminary test 
ore from the Trepea Mine 
which will be pros 
large chemical and 
ical center now under con 
After com 
thi assignment in Yugo 
Dr Aitkenhead will visit 
Sardinia to study the proc 


Chaudri, formerly 
now pilot officer at RAF 
il College in Henlow, U. K 


been pro 
material 
U.S. Steel Corp 
laboratory in Mon 

Thompson Nia 


Pa Mi 


employed as 4 research 


jute for the companys research 


laboratory i 


been re-elected 


can Steel Foundries for a three-year 


\ ember of the company 


Drever expressed the 


h to be le active and, therefore 


MAY 


re-elected a 
oaurda He will continue how 


capaci 


chairman of 


erve the company in acon 
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LLOYD A AMOS 


Lloyd A. Amos has been appointed 
works manager of Kaiser Aluminum 
& Chemical Corp new plants at 
Ravenswood, W. Va. A veteran of 20 
years in the aluminum industry, Mr 
Amos was named manager of Mead 
Work in Washington, last year 
Prior to that, he served in the same 
capacity for two years at the Chal 
mette, La, reduction plant. He will 
be ucceeded at Mead Work by 
A. F. Garcia, formerly manager of 
proce control at the company’s 
plant in Oakland, Calif 


Robert L. Duffner, formerly engi- 
neer with the Hudson Wire Co., O 
ining, N. Y., is now associated with 
the Anaconda Wire & Cable Co., 
Hastings on the Hudson, N. Y 
Kenneth L. Keating has joined the 
emiconductor products div. of Mo 
torola Ine. in Phoenix, Ariz. Dr 
Keating was formerly a metallurgist 
with the Bell Telephone Labora 
tories in Allentown, Pa 


George V. Slottman was honored by 
the International Acetylene Assn 
for his screntific contributions to cat 
bide, acetylene, and oxygen technol 
oxy. On March 13, 1956 Dr. Slottman 
was presented with the Morehead 
Medal for 1955 at the annual dinnet 
of the association held at the Hotel 
Statler in Los Angel The dinner 
highlight of the three-day 
which featured 
pecial ap 


was the 
annual convention 
technical, education, and 
plication session \ member of 
AIME, Dr. Slottman ts vice president 
and director of research, Air Reduc 
tion Co. Inc. in New York 


Edward R. Weidlein was given a 
testimonial dinner in Pittsburgh on 
March 19. by members of the Mellon 
Institute of Industrial Research, on 
the occasion of hi retirement as 
president of the institute Dr. Weid 
lein, who is approaching 69 has de 
parted on a federal government mi 

ion abroad. Following his return to 
Pittsburgh, he will continue to serve 
the institute as a member of the 


board of trustees 
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H. N. Lander has been named devel- 
opment engineer, process metallurgy, 
at Jones & Laughlin Steel Corp., 
Pittsburgh. Dr. Lander was formerly 
employed in the research dept. of 
Metal Hydrides Inc., Beverly, Mass 
He received a D.Sc. degree in 1955 
from the Massachusetts Institute of 
Technology where he also completed 
his undergraduate studie: 

Other appointments in the com- 
pany’s technical services division in- 
clude: A. W. Gessner and Earle F. 
Young, Jr., who have joined the 
chemical engineering services as 
process engineers; and G. H. Enzian 
who has been promoted to assistant 
director of this division. Previously, 
Dr. Gessner, a native of Berlin, was 
employed by the Chemische Werke 
Huls in Germany. Mr. Young has 


G. H. ENZIAN 


worked for Babcock & Wilcox Co. in 
Ohio, and is co-author of C.E. Re- 
fresher Serve Kinetics im Reactor 
Design which will appear in Chemi- 
cal Engineering Magazine. Jones & 
Laughlin have also announced the 
election of C. H. Bradley, of Indian- 
apolis, to their board of directors 


Louis A. Carapella has been ap 
pointed director of product research, 
metal division, research and devel 
opment dept., Continental Can Co 
Inc., Chicago. Prior to accepting this 
post, Dr. Carapella was section man 
power division, West 
Pittsburgh 


ager, atomu 
inghouse Electric Corp., 


Kenneth W. McEuen, formerly chief 
metallurgist with J. Bishop & Co., 
platinum works, Malvern, Pa., has 
joined Lukens Steel Co., Coatsville, 
Pa., as a research engineer 


George M. Lee, metallurgical engi 
neer with Ventures Ltd., Toronto, 
Canada, has been transferred to 
British East Africa, where he will 
be associated with the company’s 
Kilembe Mine in Uganda, which 
produces copper and cobalt 


Paul E. Mueller has joined Kaiser 
Aluminum & Chemical Corp. in 
Halethorpe, Md., where he will be 
employed as a remelt metallurgist 


Gerald J. Grott has been named gen 
eral manager of Airloy In with 
headquarters in Ennis, Texas. Prior 
to assuming this post. Mr. Grott was 
with Unitcast Corp., Toledo 


Edwin Tankins has joined the fac 
ulty of the University of Pennsyl 
vania, in the dept. of metallurgy. Mr 
Tankins was formerly with Westing- 
house Electric Corp., steam division, 
in the metallurgical engineering sec 

tion, Pittsburgh 


Edward E. Reynolds has been pro 
moted to associate director of re 
search at Allegheny Ludlum Steel 


Corp., Watervliet, N. Y 


John G. Dean, chemical and metal- 
lurgical consultant, has been re- 
tained by Climax Molybdenum Co., 
in N. Y., to advise on the company’s 
expanded chemical program. This 
will include development of new 
molybdenum com 
lubrication, agri 


applications for 
pounds in catalysis 
culture, and pigment as well as 
research into other field where 
molybdenum chemicals are of poten 
tial value. Dr. Dean, is consultant to 
large chemical and metal 
leave from 


several 
companies and is on 
Columbia University where he its 
director of the Div. of Cooperative 
Research in the School of Engineer- 
ing. Previously he was supervisor of 
research and development for Inte 
national Nickel Co 


FRANZ L. MAYER 


Franz L. Mayer has left the Tin 
Processing Corp. in Texas City, 
Texas, where he was employed as a 
research engineer. Mr. Mayer is now 
associated with the Chilex Explora- 
tion Co. in Chuquicamata, Chile, as a 
metallurgical chemist 


Gaylord T. Stowe, formerly assistant 
vice president, E. J Lavino & Co., 
has been named vice president in 
charge of refractory sales and engi 
neering. He succeeds Raymond E. 
Griffith who retired but will con 
tinue on the board of directors of 
the company 


' 
4 
4 
> 


D. R. Bell has been appointed to the 
physical metallurgy div. of the U.S 


Bureau of Mines and is also tech 
nical surveyor for the Federal Gov 
ernment in Canada. Prior to this, 
Mr. Bell was a metallurgical engi- 


neer for the Steel Co. of Canada Ltd 
Everett H. Belter, formerly with the 
Columbia Gas System Service Corp., 
project assistant at the Uni 
of Wisconsin, Madison, Wisc 


l now 
versity 


Raymond L. Walsh, assistant vice 
president and chief engineer of Uni 
versal Atlas Cement Co. has retired 
after 30 years but will be re 

tained in a consulting capacity. He 1 

ucceeded by Chester D. Rugen who 
has been appointed assistant vice 
president-engineering and Robert B. 


ervice 


Jordan as chief engineer. Mr. Walsh 
first joined the Chicago branch of 
Universal Atlas as assistant electri 
cal engineer and became chief engi 
neer, N. Y. in 1953. A native of 
Chicago, he graduated from Illinoi 
Institute of Technology and hold: 
membership in the AIEE and the 
Assn. of Iron & Steel Engineer 

A member of the engineering de 
partment since 1930, Mr. Rugen be 
came operating engineer in 1942 and 
was promoted to assistant chief en 
gineer in 1953. He has worked in all 
of the company plant pecializing 
in plant machinery and equipment 
Born in Glenview, IIL, Mr. Rugen 
is a graduate of Purdue University 
A member of AIME, he ha erved 


on committees relating to the cement 


industry 


Mr. Jordan, who began his career 
in 1937 at the Chicago South Work 
of the Steel Corp., became chief con 
truction engineer of Farle Work 
Pa. in 1951. There he was in charge 
of construction for all sheet, tin and 
rolling mill facilitie He has been 
assistant chief engineer at Universal 
Atla ince 1953. A native of Chi 
cago, he attended University of Ih 
nois and is a graduate of Illinois In 
stitute of Technology. He is a mem 
ber of the Western Society of Engi 
neers, Pennsylvania Society of Pro 
fessional Engineers and the Blast 
Furnace & Coke Assn 
Jack M. Noy I research director 
at the Quebec Iron & Titaniun 
Corp., in Sorel, Que.,Canada. Mr. Noy 
previously was a plant metallurgist 
with the Climax Uranium Co 


Grand Junction, Colo 


E. J. Kauffmann, Sr. has retired a 


vice president of Valley Mould & 
Iron Corp., Hubbard, Ohio. Now re 
iding in Girard, Ohio, Mr. Kauff 
mann will serve the company a 


consultant 


istant 
at 


Peter W. Leidich, formerly a 
of mining engineering 
Kaiser Steel, Eagle Mt., Calif., ha 
joined the Pima Mining Co. in 
Tucson Ariz “4 a l ident 


manayver 
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manager 
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for handling large gas loads 
at 10 to 500 microns Hg pressure 


use CVO OIL-EJECTOR PUMPS 


‘Particularly suited for metallurgical 
processing, these CVC 
pump offer you many advantage 5 


oul ejector 


1. In most cases one of thes pumps 
will do the work of a much larger 
mechanical pump—or even a number 
of mechanical pumps. So you save on 
purchase cost 

2. You get the pressure you want 
much faster with a CVC onl-ejector 
and have the reserve 


to pressur 


Capacity 
urges during prow 
ing. SO you save on process Citic 
and costs, tow 
3. Since the only moving part in an 
otl-ejector pump ts its onl, there's 
little chance of wearing or failure. So 
you save on maintenance time and 
cost 
4. Many design features on these CVC 
Olve problems inherent in 
xample, there's 
so the dust 


pulps 
your proce bor 
extra wide jet clearance, 
given off during your processing will 
not clog or damage the pump 

There ar 
One or a combination ts puset righe for 


live pumps in the group 


your process and its gas load 


Oe 


Sates Offices: + Atlanta 


New York « Pasadena « Philadeipia « SanFranceco Seattle Washington, 0.C 
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KJ-5000. [wo-stag: Speed 5600 
liters a second. Limiting for 
pressure: 8.3mm Hg at 900,000 
micron-liters a second through 
put 

KB-1500. Single-stage. Speed: 1300 
liters a second. Limiting for 
pressure: 1.9mm Hg at 100,000 
micron-liters a second through 
put 

KB-1200. Single-stage. Speed: 2350 


liters a second. Limiting for 


pressure: 4.6mm Hg at 780,000 
micron-liters a second through 
puc.* 

KB-300. Single-stage. Speed: 350 


liters a second. Limiting fore 


pressure: 2.4mm Hg at 90,000 
micron-liters a second through 
put.” 

KB-150. Single-stage Speed: 180 


liters a second. Limiting fore 
pressure: 0.5mm Hg at 17,000 


micron-liters a second through 


put *Throwg t for air at 25° ¢ 


Write for technical data sheets 


KB Pumps 23 


Wi Consolidated Vacuum 


Rochester 3, ¥. 
of CONSOLIDATED ELECTRODYNAMICS CORPORATION, cudena, California 


Boston Buffalo « Chwago Dallas Detroit 


been pron oted 


of 


Bernard L. Jones ha 
to the newly 
chief engineer at Crucible Steel Co 
of America, Pittsburgh. Tore Wallin 
has been named assistant chief en- 
gineer. Mr. Jones began hi 
in 1925 with the U. S. Steel Corp. in 
Chicago. Since then he ha been 
engaged in planning steel plant 
for developments in Russia, Israel 
Egypt and Central European coun 
trie as well as the U. S. Prior to 
joining Crucible in 1950, Mr. Jone 
Was employed by the Inland Steel 
Co., Ind., for ten year A native of 
Nova Scotia, he attended the Univer 
ity of Illinoi 
the Assn. of Iron & Steel Engineet 
Mr. Wallin has been with the com 
pany since 1923, and was appointed 
planning and development engineer 
in 1953. He was born in Sweden and 
was educated at Orebro Technical 
Institute there, receiving his degree 
in chemical engineering. Mr. Wallin 
is a member of the Professional En 
gineers’ Society and the Engineer 
Society of Western Pennsylvania 


Fred R. Kyle has joined Republi 
Steel Co. in Cleveland. Mr. Kyle wa 
Inland 


created positior 


career 


and is a member of 


formerly employed by the 
Steel Co. of Chicago 


Dillon Evers has left the academu 
world to join the Mallory-Sharon 
Titanium Corp. in Nile Ohio. He 
was formerly associate professor of 
metallurgical engineering at Purdue 


University, Lafayette, Indiana 


DILLON EVERS 


Robert S. Miltenberger has resigned 
as engineer in the research dept. of 
Bethlehem Steel Co., Bethlehem, to 
join U.S. Steel Corp Chicago 


H. W. Franz, who was chief metal 
lurgist for Nickel Processing Corp 
in Nicaro, Cuba, has joined the re 
search center of Kennecott Copper 
Corp. in Salt Lake City, as project 
development engineer 


Eric Gregory has crossed the Atlan 
tic to accept a post with the Sinter 
Yonke! 


Gregory was associated 


cast Corp. of America in 
N. Y. Mr 
with the Manganese Bronze & Bra 

Co. Ltd. as a metallurgist at Elton 
Park Work Ipswich, Suffolk, Eng 


— 
al 
| 


Obituaries 


Heath McClung Steele 


An Appreciation by 
Harold K. Hochschild 


Steele (Member 
1922) diec York City on 
Feb. 21 at the age of 71. He had 
been in poor health for about two 
Veal 

Tenne ee, in 
Steele was educated at the 
mel School and the Uni 
Tennessee After practi 
experience in Tennessee, 


in Knoxville 
1884, Mr 
jaker-Hin 
versity of 
cal mining 


Virginia and Nevada he became 
ociated with J. R. Finlay in 1911 
as consulting engineer, with head 


quarters in New York. In 1917 M1 
Steel oined The American Metal 
Co. Ltd and oon afterward took 


charge of it Mexican 
In 1923 he became a director of the 
in New York, and in 1930 


ident He in 


operation 


company 


Vu elected vice pre 


cupied both othee until hi retire 
ment at the end of 1954. Mr. Steele 
Wa also pre ident of the Cia Min 
era de Penols S. A., and Cia Met 


alurgia de Penole S. A., in Mon 
terrey Mexico Southwest Potash 
Corp., Carlsbad, N. M., and an officer 
othe! ubsidiarie of 
Metal Co., as well a 
Rhodesian enter 
Me tal Co. } in 


chairman of 


and director of 
The Americar 
i director! ot the 
prises in which the 
terested He vas also 


the Tsumeb Corp. Ltd Tsumeb 
S. W. Africa, from its organization 
in 1947 until his retirement in 1954 

During World War II Mr. Steels 


aluminum 
lun divi ion Alu 
mina Brancl Office of Production 
Management, in Washington 

M: Steele imaginative 
ibuted substantially to the 
Metal Co. He played 
the evolution of the 
Mexico and 
product re 
The devel 
Mine can be 


erved i chief of the 


Sauxite 


leader 

hip contr 

growth of the 

a large part in 

company operatior in 

and by 


Carteret, N. J 


coppel 
finery at 


opment of the 


attributed to hi initiative Owned 
jointly by the Metal Co. and David 
M Goodrich and associate the 


produce! of 
inc and lead during the 1920's and 
1930 Mr. Steele was primarily re 
ponsible for the company 

enterprise at Carlsbad, N. M., and 


mine becarne a large 


potash 


for the exploration program which 
led to their discovery in 1954 of the 
lead-zinc-copper-silver orebodies in 
New Brunswick, Canada, which have 


hi 

After hi retirement Mr Steele 
lived at Glen Mary Farn Great 
Mill Md. Surviving are his wife 
Florence Trumar laugh 
ter, Mr tock; twe 
He it! irren 


nonor 


Steet hi 
Fahne 


ind 


David 


Arthur Glenn McKee (Member 
1912) died on Feb. 19, 1956 in Cleve 

land jorn 1871 in Pennsylvania, 
Mr. McKee studied at Pennsylvania 
State College and received hi BS 
n 1891, at which time he joined 
General Electric Co. Returning to 
Penn State he graduate 
degree in mechanical engineering in 
1895, and then joined the H. C. Frick 
Coke Co. in Pa. as an engineer 
From there he went to 


earned hi 


Carnegie 


Steel Co., and American Steel & 
Wire Co. In 1905 Mr. McKee opened 
his own office as consultant Not 


afterward, it was incorporated 
McKee & Co. of which 
ident until 1946. From 
then up to the time of his death he 
was director and chairman of it 
advisory committee The inventor 
of the McKee revolving distributor, 
which revolutionized the charging 
of blast lived to see it 
used throughout the world Mr 
McKee was a member of the follow 
AIME, AISI, 
Blast Fur 
British 


long 
as Arthur G 
he Wa pre 


furnaces, he 


ing organization 
ASME, the Eastern State 
nace & Coke Assn. and the 
Iron & Steel Institute 


p roposed for Membership 
— Metals Branch AIME— 


Tot AIME ‘ erahiy Ay 
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dward DM de Jearbor 
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Today there are giants at Wyman- 18,000 ton, 7,000 ton presses representing 


Gordon! Among them the largest single the greatest forging press capacity assem- 
machine ever constructed -- a 50,000 ton bled under one roof in the world — 110,000 
closed-die forging press — is now produc- tons ready to meet the demands of industry 
ing larger forgings with thinner sections today and tomorrow. Wyman-Gordon, 
and closer tolerances than ever before. greatest name in forging — is ‘Keeping 


Companion giants include 35,000 ton, Ahead of Progress”. 


WYMAN-GORDON COMPANY 


Established 1883 


FORGINGS OF ALUMINUM MAGNESIUM «+ STEEL TITANIUM 
WORCESTER 1, MASSACHUSETTS 
HARVEY, ILLINOIS DETROIT, MICHIGAN 


| 
c 


a memo to Melters, Open 
Hearth Superintendents, 
Metallurgists and 
others concerned 

with quality steel 
making... If 

you haven't 

tried RECARB-X 

and want the 

full facts on the best 
recarburizer for steel 
making, write for 


the new Engineering 


/ 
Bulletin No. 11, use the : SEND ME ENGINEERING 


/ 
convenient coupon below. , — 


TITLE 
FIRM 


ADDRESS 


THE UNITED STATES GRAPHITE COMPANY 


DIVISION OF THE WICKES CORPORATION * SAGINAW, MICHIGAN 


/ 
j 

i 

4 / 
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